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FOREWORD 
Th is  r e p o r t  was prepared by Acurex Corporat ion f o r  t h e  Nat iona l  
Aeronaut ics and Space Admin is t ra t ion ,  Langley Research Center, under c o n t r a c t  
NAS1-16808. 
Use o f  commercial products o r  names i n  t h i s  r e p o r t  does no t  c o n s t i t u t e  
o f f i c i a l  endorsement o f  such products o r  manufacturers , e i t h e r  expressed o r  
i m p l i e d  by t h e  Nat iona l  Aeronautics and Space Admin is t ra t ion .  
The work was conducted from September 1985 t o  September 1987. 
Fu ture  aerospace veh ic les  may r e q u i r e  t h e  use of g r a p h i t e  composites 
w i t h  a favo rab le  combination o f  p r o p e r t i e s  i n c l u d i n g  impact res is tance.  
Thermoplast ic r e s i n s  p rov ide  composites w i t h  high-impact res is tance.  However, 
t h e  so lvent  res i s tance  o f  most thermop las t ics  i s  poor. Program e f f o  t s  were 
d i r e c t e d  towards t h e  o p t i m i z a t i o n  of a s o l v e n t - r e s i s t a n t  thermoplast  c 
p o l y i m i  de t h a t  would be amenable t o  t h e  f a b r i c a t i o n  of h i  gh-qual i t y  
composites. 
Mr. Paul Hergenrother was t h e  NASA t e c h n i c a l  monitor.  The M a t e r i a l s  
Development Department o f  Aerotherm D i v i s i o n  o f  Acurex Corpora t ion  performed 
t h e  work on t h i s  con t rac t .  Mr. C. B. Delano was t h e  program manager and 
Mr. C. J. K i s k i r a s  p rov ided t e c h n i c a l  assistance. 
PEECEDLNO PAGE BLANK NOT FILMED 
iii 
TABLE OF CONTENTS 
Page 
ii i 
Sect ion  
FOREWORD . . . . . . . . . . . . . . . . . . . . . . 
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . i x  
1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . 1 
1.1 BACKGROUND . . . . . . . . . . . . . . . . . . . . 
1.2 P R I O R  EFFORTS . . . . . . . . . . . . . . . . . . . 




2 OBJECTIVE . . . . . . . . . . . . . . . . . . . . . . . 11 
3 RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . 13 
3.1 POLYMER SELECTION . . . . . . . . . . . . . . . . . 13 
3.1.1 Synthesis . . . . . . . . . . . . . 
3.1.2 Moldings o f  .High-Molecular-Weight Polymers . . . . 
3.1.3 Annealing Studies . . . . . . . . . . . . 
3.1.4 Tes t i ng  . . . .  . .  . . . .  . . .  . . . .  . . . .  






3.2 MOLECULAR WEIGHT/MELT FLOW OPTIMIZATION STUDIES . . 51 
3.2.1 Flow Proper t i es  . . . . . . . . . . . 
3.2.2 BTDA/BAC/m-PDA Polymers . . . . . . . . . . 
3.2.3 BTDA/BAC/2,4-DAT Polymers . . . . . . . . . . . . 





3.3 COMPOSITE PROPERTIES AND SELECTION OF THE FINAL 
POLYIMIDE COMPOSITION . . . . . . . . . . . . . 
3.4 SCALE-UP AND PROPERTIES OF THE SELECTED POLYMER . . 69 73 
CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . 79 
4.1 NEAT RESINS . . . . . . . . . . . . . . . . . . . 
4.2 MOLECULAR WEIGHT/MELT FLOW PROPERTIES . . . . . 79 79 
EXPERIMENTAL e 83 
REFERENCES e e 87 
APPENDIX A -- FAILURE TEMPERATURE UNDER COMPRESSION LOAD 89 
APPENDIX B -- TMA FLOW TEST METHOD DEVELOPMENT 93 
APPENDIX C -- END CAPPING OF BTDA/BAC/m-PDA POLYMER WITH 
PHTHALIC ANHYDRIDE . . . . . . . . . . . 101 













LIST OF ILLUSTRATIONS 
Resin shr inkage and smooth prepregs . . . . . . . . . . . 
Weight percent  f l e x i b l e  segment versus Barcol  
hardness . . . . . . . . . . . . . . . . . . . . . . . . 
Inherent  v i s c o s i t y / s t o i c h i o m e t r y  s tud ies  w i t h  t h e  
BTDA/HDA/m-PDA polymer . . . . . . . . . . . . . . . . . 
Inherent  v i s c o s i t y / r e a c t i o n  so l  i d s  conten t  s tud ies  w i t h  
t h e  BTDA/HDA/m-PDA polymer . . . . . . . . . . . . . . . 
Inherent  v i s c o s i t y  versus percent  s o l i d s  . . . . . . . . 
DSC anal y s i  s o f  BTDA/HDA/m-PDA po l  ymer . . . . . . . . . 
DSC curves o f  BTDA/BDA/m-PDA polymer . . . . . . . . . . 
TMA curves f o r  BTDA/BAC/m-PDA polymer . . . . . . . . . . 
TMA curves f o r  BTDA/BDA/m-PDA and BTDA/HDA/m-PDA 
polymers . . . . . . . . . . . . . . . . . . . . . . . . 
Press f l o w  areas o f  po l ysu l fone  and po lye ther im ide  . . . 
Comparison o f  t he  f l o w  p r o p e r t i e s  o f  the  BTDA/BAC/m-PDA 
polymer t o  po lye ther im ide  . . . . . . . . . . . 
TMA f l o w  curves o f  BTDA/BAC/2,4-DAT polymers . . . 
TMA f l o w  curves o f  BTDA/BAC/2,4-DAT polymer blends 
TMA f l o w  curves o f  BTDA/HDA/E,4-DAT polymers . . . . . . 
Inherent  v i s c o s i t y  versus TMA f l o w  p roper t y  
re1  a t i o n s h i  p . . . . . . . . . . . . . . . . . . . . . . 
Tg normal ized i n h e r e n t  v i s c o s i t y  versus TMA f l o w  
p roper t y  . . . . . . . . . . . . . . . . . . . . . . . . 
Inherent  v i s c o s i t y  -- press f low r e l a t i o n s h i p  . . . . . . 
























Glass transition temperature and Barcol hardness o f  
molded polymer samples . . . . . . . . . . . . . . . . . 
2 Molding studies of the three candidate polymers 
a t  303°C . . . . . . . . . . . . . . . . . . . . . . . . 26 
Comparison o f  DSC properties of unmolded polyimide 
powders . . . . . . . . . . . . . . . . . . . . . . . . . 3 29 
4 DSC data for varying molecular weight BTDAIHDAlm-PDA 
polymers . . . . . . . . . . . . . . . . . . . . . . . . 31 
34 
36 
Barcol hardness of candidate polymers . . . . . . . . . . 
Physical property changes o f  heat treated specimens . . . 
Summary of average compression test  results on the three 
candidate polymers . . . . . . . . . . . . . . . . . . 37 
40 Fracture energies of the three candidate polymers . . . . 8 
9 Dry- and water-boiled properties o f  the three candidate 
polymers . . . . . . . . . . . . . . . . . . . . . . . . 41 
10 Stressed aircraft f l u i d  and p a i n t  stripper resistance of 
the three candidate polymers . . . . . . . . . . . . . . 46 
11 Sixteen-hour unstressed weight gains of various 
compositions i n  p a i n t  strippers . . . . . . . . . . . . . 48 
Twelve-day unstressed weight ga ins  of compositions i n  
p a i n t  s t r i p p e r s  . . . . . . . . . . . . . . . . . . . . . 
Properties o f  varying molecular w e i g h t  BTDA/BAC/2,4-DAT 
polymers . . . . . . . . . . . . . . . . . 






15 Properties of various molecular weight BTDA/HDA/2,4-DAT 
polymers . . . . . . . . . . . . . . . . . . . . . . 63 
16 Glass transition temperature and Barcol hardness of 
mol ded polymers . . . . . . . . . . . . . . . . . . . . . 68 
Carbon fabric composite properties of polyimide 
compostions . . . . . . . . . . . . . . . . . . . . . . . 17 70 
71 Composite processing parameters and resin Tg . . . . . . 18 
vi i 
LIST OF TABLES (Concluded) 
Table Page 
19 Properties o f  the BTDA/HDA/BAC/2,4-DAT polyimide . . . . 76 
-
20 Mechanical properties o f  BTDA/HDA/BAC/2,4-DAT 
polymer . . . . . . . . . . . . . . . . . . . . . . . . . 77 




















se lec ted  f o r  m l e c u  
Reducing t h e  
s t o i c h i o m e t r i c  imba 
i n s o l u b l e  ma te r ia l .  
SUMMARY 
T h i s  18-month fo l low-on Phase I V  e f f o r t  p r i m a r i l y  addressed t a i l o r i n g  
t h e  m e l t  v i s c o s i t y  p r o p e r t i e s  o f  a l i pha t i c -a romat i c  po ly imides  t o  g i ve  r e a d i l y  
processable prepregs f o r  manufacture o f  h i g h - q u a l i t y  composites. 
Since 93°C t e n s i l e  t e s t i n g  o f  t h e  po ly imide  from 3,3',4,4'- 
benzophenonetetracarboxylic d ianhydr ide  w i t h  196-hexanediamine and 
- rn-phenylenediamine i n d i c a t e d  d u r i n g  Phase I 1 1  t h a t  shear y i e l d i n g  had 
occurred, i n i t i a l  e f f o r t s  on t h i s  fo l low-on program were d i r e c t e d  toward 
reduc ing  the  amount o f  t h e  l i n e a r  a l i p h a t i c  p o r t i o n  o f  t h e  poly imide. 
S u b s t i t u t i o n  o f  t h e  1,6-hexanediamine w i t h  bo th  1,4-butanediamine and 
1,3-bis(aminomethyl) cyclohexane gave t h e  expected improvements i n  Barco l  
hardness a t  93°C. The po ly im ide  from t h e  l a t t e r  a l i p h a t i c  diamine was 
a r  w e i g h t h e l t  v i s c o s i t y  o p t i m i z a t i o n  e f f o r t s .  
mo lecu la r  we igh t  o f  the  candidate po ly imide  by 
ance o r  end capping w i t h  p h t h a l i c  anhydr ide l e d  t o  
Numerous unsuccessful  a t tempts  were made t o  f i n d  r e a c t i o n  
c o n d i t i o n s  t o  e l i m i n a t e  fo rma t ion  o f  t h e  i n s o l u b l e  m a t e r i a l  ob ta ined upon 
evapora t ion  o f  t h e  so l ven t  (m-cresol) - from polymers prepared u s i n g  
97.5 percent  s to ich iomet ry .  Polymer f rom c l e a r  s o l u t i o n s  i s o l a t e d  w i t h  
methanol p rov ided m a t e r i a l  w i t h  low pressure f l o w  p roper t i es .  However, 
r e d i s s o l u t i o n  o f  t h i s  same m a t e r i a l  i n  c r e s o l  and evapora t ion  o f  t h e  c r e s o l  
gave a m a t e r i a l  t h a t  d i d  n o t  f l o w  we l l .  
i x  
By s u b s t i t u t i n g  2,4-diaminotoluene f o r  t h e  - wphenylenediamine i n  t h e  
poly imide, low-pressure f l ow  p r o p e r t i e s  were obtained. The expected d i r e c t  
r e l a t i o n s h i p  between m e l t  v i s c o s i t y  and molecular weight was ob ta ined f o r  t h e  
p o l y i m i  de from 3,3 I ,4 ,4 '  -benzophenonetetracarboxyl i c d ianhydr i  de w i t h  
2,4-diami n o t o l  uene and 1,3-bi s (ami nomethyl )cyclohexane o r  lS6-hexanediami ne. 
Polymers con ta in ing  t h e  2,4-diaminotoluene were found t o  be so lub le  i n  
chloroform, whereas polymers w i t h  - nrphenylenediamine were no t  soluble.  Since 
t h e  o b j e c t i v e  o f  t h i s  fo l low-on e f f o r t  was good m e l t  p r o c e s s a b i l i t y ,  polymers 
c o n t a i n i n g  t h e  2,4-diaminotoluene were used i n  the  remaining e f f o r t s .  
Polymers w i t h  an i n h e r e n t  v i s c o s i t y  o f  0.55 d l / g  were se lec ted  f o r  
p repregg ing  and composite f a b r i c a t i o n  studies.  T h i s  i nhe ren t  v i s c o s i t y  
represents  a B r o o k f i e l d  v i s c o s i t y  o f  approximately 33 Pa-S a t  20 percent  
s o l i d s  i n  T c r e s o l .  
p h t h a l i c  anhydride end-capped polymers was used t o  achieve t h i s  B r o o k f i e l d  
v i s c o s i t y  i n  s o l u t i o n s  used f o r  prepregging. Zero vo id  composites were 
r e a d i l y  f a b r i c a t e d  from these s o l u t i o n s  by p ress ing  so l ven t less  prepregs t o  
se lec ted  thicknesses a t  e leva ted  temperature and l e s s  than 6.9 MPa pressure. 
B lend ing  o f  polymer s o l u t i o n s  prepared from synthes is  o f  
Composite f l e x u r a l  s t reng ths  i n  excess o f  698 MPa (100 k s i )  were 
ob ta ined w i t h  carbon- fabr ic  composites a t  room temperature and 93°C from two 
po ly imide  compositions. 
f a i l u r e  mode from composites t e s t e d  p r e v i o u s l y  and i s  probably due t o  improved 
compression p r o p e r t i e s  o f  t h e  m a t r i x  res in .  
These e x c e l l e n t  values a re  a t t r i b u t e d  t o  a change i n  
X 
ABSTRACT 
Polyimides from BTDA w i t h  - m-phenylenediamine and t h r e e  a l i p h a t i c  
diamines were prepared i n  - m-cresol and character ized. 
i nc luded  compression s t r e n g t h  and modulus, s t ressed so lvent  res is tance,  and 
me l t - f l ow  t e s t s .  E f f o r t s  t o  reduce the  molecular weights o f  these polymers 
by e i t h e r  s t o i c h i o m e t r i c  imbalance o r  ph tha l  i c anhydride end cappi ng produced 
o p a c i t y  i n  t h e  polymer moldings when t h e  s to i ch iomet ry  was less  than 
99 percent  . 
a l l o w s  c l e a r  polymer moldings t o  be obtained a t  a l l  s to i ch iomet r i es  by end 
capping o r  s t o i c h i o m e t r i c  imbalance. 
s tud ies ,  carbon f a b r i c  composites were prepared from t h r e e  po ly imide  
composi t ions c o n t a i n i n g  BTDA, 2,4-diaminotoluene and two a l i p h a t i c  diamines. 
F l e x u r a l  s t reng ths  of two o f  t h e  res ins  were i n  excess o f  689 MPa (100 k s i )  
a t  bo th  room temperature and 93OC. The po ly imide  from BTDA, 
1,6-hexanedi ami ne, 1,3-bi  amin in om ethyl )cyclohexane and 2,4-diaminotoluene was 
se lec ted  f o r  scale-up and neat r e s i n  c h a r a c t e r i z a t i o n  t e s t s .  
polymer was 233OC. 
Charac te r i za t i on  t e s t s  
Use o f  2,4-di ami not01 uene i n  place o f  t he  - m-phenylenedi ami ne 
A f t e r  melt-flow/molecular-weight 
The Tg o f  t h i s  
x i  
SECTION 1 
INTRODUCTION 
Th is  r e p o r t  descr ibes  an 18-month fo l low-on e f f o r t  conducted t o  develop 
improved the rmop las t i c  r e s i n s  f o r  a p p l i c a t i o n  i n  composite s t r u c t u r e s  f o r  
aerospace veh ic les .  
Sec t ion  1.2 b r i e f l y  summarizes p r i o r  e f fo r t s , l , 2  and Sect ion  1.3 descr ibes our 
approach t o  the  fo l low-on e f f o r t .  
1.1 BACKGROUND 
Sec t ion  1.1 descr ibes the  advantages o f  such a system, 
The successfu l  development o f  impact- and s o l v e n t - r e s i s t a n t  
t he rmop las t i c  systems f o r  g lass  and g raph i te  composites i s  p a r t i c u l a r l y  
a t t r a c t i v e  f rom the  s tandpo in t  o f  t h e i r  p o t e n t i a l  low-cost and s t reaml ined 
m a n u f a c t u r a b i l i t y .  H y p o t h e t i c a l l y ,  thermop las t ics  on ly  r e q u i r e  s imple heat ing  
and c o o l i n g  cyc les  f o r  component manufacture, whereas thermosets r e q u i r e  more 
prec ise,  and p o s s i b l y  extended, heat ing  schedules which must be cons is ten t  
w i t h  the  cure chemistry.  
H igh  modulus ( m a t r i x  p r o p e r t i e s ) ,  excel  l e n t  p rocessab i l  i t y ,  and so lvent  
r e s i s t a n c e  ( h i g h  c r o s s l i n k  d e n s i t y )  a re  some o f  the  a t t r a c t i v e  fea tu res  o f  
thermosets, which are  c u r r e n t l y  t h e  p r e f e r r e d  mat r ices  f o r  g r a p h i t e  
composites. Furthermore, s ince  t h e  B-staged epoxy r e s i n s  a re  l i q u i d s ,  
e x c e l l e n t  f i b e r  c o l l i m a t i o n  i s  achievable i n  the  prepregs. The response o f  
g r a p h i t e  composites t o  low-speed impact has been o f  concern f o r  a number o f  
years. Kevlar ,  g lass,  and o t h e r  f i b e r s  are used w i t h  g raph i te  f i b e r s  t o  
1 
prov de more impac t - res i s tan t  compos tes .  Such "hybr ids"  compromise i n i t i a l  
mechanical p r o p e r t i e s  (modulus, compressive s t reng th )  t o  p rov ide  improved 
impact p roper t i es .  Thermoplastics, on t h e  o the r  hand, o f f e r  impact res i s tance  
n o t  a t t a i n a b l e  w i t h  convent ional  thermosets (excludes new toughened systems). 
A i r c r a f t  design r e q u i r e s  l i f e t i m e  p r e d i c t i o n  o f  t h e i r  components. Any 
m a t e r i a l  which e x h i b i t s  environmental degradat ion w i l l  compromise t h e  design 
s a f e t y  margins f o r  t h e  se lec ted  component. Conventional thermosets absorb 
mois tu re  which lowers t h e i r  performance, e s p e c i a l l y  a t  e leva ted  temperatures. 
The s e n s i t i v i t y  o f  e x i s t i n g  thermop las t ics  t o  a i r c r a f t  f l u i d s  and o the r  
so l ven ts  may preempt t h e i r  ser ious  cons ide ra t i on  i n  a i r c r a f t  components. 
Therefore, Acurex proposed r e s i s t a n c e  t o  a i r c r a f t  so lvents  as t h e  s t a r t i n g  
p o i n t  f o r  t h e  program e f f o r t .  Exposure t o  f u e l ,  d e i c i n g  f l u i d s ,  and h y d r a u l i c  
f l u i d s  are se r ious  concerns. 
be ing  examined by a number o f  i n v e s t i g a t o r s .  
s t r i p p e r s  on composites may n o t  be requ i red .  
1.2 P R I O R  EFFORTS 
Methods t o  remove p a i n t  f rom composites a re  
I f  successful ,  use o f  p a i n t  
The Acurex approach i s  based on the  development o f  polymers w i t h  r i g i d  
c r y s t a l l i z a b l e  segments in te rconnected  w i t h  s o f t  o r  f l e x i b l e ,  energy-absorbing 
segments. 
chains and prov ide  high-modulus and so l ven t  res is tance.  
The r i g i d  segments can a c t  as phys i ca l  c r o s s l i n k s  between polymer 
The i n t e r c o n n e c t i n g  
s o f t  segments p rov ide  impact res i s tance  and m e l t  p r o c e s s i b i l i t y .  
The e x c e l l e n t  common so lven t  res i s tance  under s t r e s s  o f  t h r e e  
po lya l i pha t i c -a romat i c  h e t e r o c y c l i c s  ( two po ly imides  and po lybent im idazo le )  
v e r i f i e d  the  s o f t - r i g i d  segment approach t o  o b t a i n i n g  s o l v e n t - i n s e n s i t i v e  
polymers. The po ly imide  from 3 ,3 '  ,4,4'-benzophenonetetracarboxylic 
d ianhydr ide  (BTDA) w i t h  1,8-octanediamine (ODA), and - m-phenylenediamine 
(m-PDA) was se lec ted  as t h e  bes t  candidate from the  f i r s t - y e a r  Phase I e f f o r t .  
2 
The second-year Phase I 1  e f f o r t s  cont inued t o  show promise f o r  t h i s  polymer. 
However, due t o  opac i t y  developed i n  the  molded polymer w i t h  1-hr t reatment  a t  
316°C (600"F), 1,6-hexanediamine (HDA) was s u b s t i t u t e d  f o r  t he  ODA s ince t h a t  
composi t ion remains c l e a r  w i t h  the  c i t e d  thermal t reatment.  
noted t h a t  these se lec t i ons  were based on a number o f  f a c t o r s  which are 
c o n s i s t e n t  w i t h  c u r r e n t  understanding o f  composite res ins ,  e.g., good t e n s i l e  
p r o p e r t i e s  o f  t he  bu lk  res in .  
CR 172285.1 
I t  should be 
These e f f o r t s  a re  descr ibed i n  NASA 
Methods t o  produce carbon- f iber  prepregs which would produce 
high-qual  i t y  composites f rom the  se lec ted  po ly imide  were addressed i n  the  
t h i r d - y e a r  Phase 111 e f f o r t .  Amenabi l i ty  t o  f i b e r  impregnat ion us ing  
convent iona l  equipment was addressed i n  depth. Other Acurex e f f o r t s  suggested 
t h a t  low-so l ids  conten t  varn ishes o f  po lypheny lqu inoxa l ine  and po lysu l fone  can 
be used t o  prepare carbon- f iber  prepregs and composites. 
o f  t h e  Phase I11 e f f o r t ,  i t  was determined t h a t  low-so l ids  conten t  c reso l  
s o l u t i o n s  o f  t he  high-molecular weight BTDA/HDA/m-PDA po ly imide  prov ided 
composites w i t h  incomple te ly  impregnated f i b e r  bundles. 
these 6.9 MPa processed composites, however, was vo id  f ree.  E x c e l l e n t  f i b e r  
bundle impregnat ion was achieved by the  use o f  monomers and prepolymers t o  
produce >50 percent  s o l i d s  conten t  impregnat ing varnishes. Wi th the  f i b e r  
bundles f i l l e d ,  the  r e s i n  conten t  a t  the  prepregs sur face was reduced and 
h igh-pressure molding o f  such prepregs d i d  no t  always produce vo id - f ree  
composites. 
f o r  more r e s i n  on t h e  prepreg surface. 
volume, the rmop las t i c  prepregs made by t h i s  method should be completely smooth 
and dense f o r  t h e  f a b r i c a t i o n  o f  q u a l i t y  composites. 
I n  the  f i r s t  months 
The i n t e r p l y  r e s i n  i n  
Voids were most ev iden t  i n  the  i n t e r p l y  reg ions  suggest ing a need 
I t was concluded t h a t  h i g h - f i b e r  
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Cond i t ions  were developed f o r  t h e  produc t ion  o f  smooth and dense 
prepregs us ing  h igh  pressures (13.8 MPa). 
prepreg a t  atmospheric pressure w i t h  va ry ing  thermal, squeegeeing, and 
smoothing schedules i n v a r i a b l y  l e d  t o  a high-melt v i s c o s i t y  va rn i sh  which, 
a f t e r  f i n a l  v o l a t i l e  removal, r e q u i r e d  h igh  pressures f o r  f i n a l  p e r f e c t i n g  o f  
t h e  prepreg. 
prepregs a t  lower pressures. However, commercial prepregs a re  n o t  c u r r e n t l y  
produced w i t h  vacuum treatment. 
Numerous at tempts t o  produce the  
Process ing  t h e  prepregs under vacuum and heat p rov ided pe r fec ted  
The need t o  use t h e  p re im id i zed  a l i p h a t i c  diamine prepolymer i n  
prepregging varnishes was a l s o  es tab l i shed  t o  reduce the  mois tu re  s e n s i t i v i t y  
o f  t he  prepregs. The m e l t  v i s c o s i t y  requirements o f  100 percent  s o l i d s  neat 
r e s i n s  t o  produce p e r f e c t e d  prepregs needed a d d i t i o n a l  study. The 
u n c o n t r o l l e d  molecu la r  we igh t  growth t h a t  genera l l y  occurs i n  condensation 
po ly imides  w i l l  n o t  be amenable t o  rep roduc ib le  prepreg p roduc t i on  o r  
low-pressure composite processing. 
c o n t r o l l e d  f l o w  p roper t i es ,  
I n jec t i on -mo ldab le  the rmop las t i cs  have 
The BTDA/HDA/m-PDA po ly imide  (neat r e s i n )  i s  moldable a t  0.69 MPa and 
temperatures as low as 260OC. 
must be capable o f  be ing  molded a t  a f a r  lower pressure than 0.69 MPa t o  
p rov ide  prepreg which can be molded i n t o  composites a t  0.69 MPa due t o  t h e  
r e s t r i c t i o n  o f  t he  r e s i n ' s  f l o w  by the  f i be rs .  
NASA CR 172568.2 The shortcoming o f  r e s i n s  w i t h  low-f low p r o p e r t i e s  i s  shown 
i n  F igu re  1. 
and use o f  r e s i n s  w i t h  lower m e l t  v i s c o s i t i e s  i s  requ i red .  
1.3 PRESENT EFFORTS 
However, it became ev iden t  t h a t  t he  neat r e s i n  
These e f f o r t s  a r e  descr ibed i n  
F i n a l  smoothing o f  t he  prepreg must occur a f t e r  v o l a t i l e  removal 
Present e f f o r t s  concerned o p t i m i z a t i o n  o f  the  me l t  f l ow  p r o p e r t i e s  o f  






















addressed. Me l t  v i s c o s i t y  i s  d i r e c t l y  r e l a t e d  t o  the  polymer's molecular 
weight and t h e r e f o r e  molecular weight t a i l o r i n g  of t he  candidate po ly imide  t o  
achieve lower me l t  v i s c o s i t y  was the  approach taken. 
The room temperature s t rengths  o f  unannealed composite and neat r e s i n  
specimens from t h e  BTDA/HDA/m-PDA po ly imide  were exce l l en t .  However, s t reng th  
loss appeared t o  be more r a p i d  f o r  t h e  po ly imide  a t  e leva ted  temperatures than 
s t a t e - o f - t h e - a r t  177°C c u r i n g  epoxy systems. Th is  l o s s  o f  p r o p e r t i e s  a t  
e leva ted  temperatures i s  a t t r i b u t e d  t o  shear y i e l d i n g .  
I n i t i a l  e f f o r t s  on t h e  present program addressed s u b s t i t u t i o n  o f  t he  
HDA w i t h  two a l t e r n a t i v e  a l i p h a t i c  diamines. 
f l e x i b l e  a l i p h a t i c  segment, f o r  example, from HDA t o  1,4-butanediamine (BDA), 
was expected t o  lead t o  improved e leva ted  temperature composite strengths.  
1,3-Bis(aminomethyl)cyclohexane (BAC) was a l s o  se lec ted  f o r  i n v e s t i g a t i o n .  
Reducing t h e  l eng th  o f  t he  
As noted i n  F igure  2, p l o t t i n g  Barcol  hardness values aga ins t  t he  
percent by weight o f  t he  l i n e a r  a l i p h a t i c  p o r t i o n  o f  numerous polymers shows 
t h e  v a l i d i t y  o f  t h e  approach (assumes a r e l a t i o n s h i p  between Barcol hardness 
and compression s t reng th )  . 
i s  t r e a t e d  as a r i g i d  backbone segment. The polymer composit ions are 
i n d i c a t e d  i n  Table 1. 
a l s o  given i n  F igu re  2 and Table 1. 
The cyclohexane r i n g  i n  t h e  BTDA/BAC/m-PDA polymer 
Glass t r a n s i t i o n  temperatures (Tg) o f  t he  polymers are 
The improvement i n  Barcol  hardness of t h e  BTDA/BDA/m-PDA and 
BTDA/BAC/m-PDA polymers over t h e  BTDA/MDA polymer i s  apparent. 
improvement i s  a t t r i b u t e d  t o  t h e  use o f  m-PDA i n  the  polymers and i n  the  case 
o f  t h e  BTDA/BAC/m-PDA polymer, use o f  t he  1,3 isomer of the  bis(aminomethy1) 
cyclohexane which would a l s o  g i v e  a "meta" e f fec t .  The Barcol hardness o f  an 
Acurex-prepared MY720/DDS sample i s  553 and t h e  BTDA/BAC/m-PDA polymer has 
almost t h i s  hardness, suggest ing t h a t  i t  holds p o t e n t i a l  t o  p rov ide  e x c e l l e n t  
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F i g u r e  2. Weight percent  f l e x i b l e  segment versus Barcol  hardness 
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I .  
Table 1. Glass t r a n s i t i o n  temperature and Barcol hardness 














Polymer Composi t i o n a  
BTDA w i t h  MDA 
BTDA w i t h  BDA 
BTDA w i t h  HDA 
BTDA w i t h  ODA 
BTDA w i t h  DDA 
BTDAb w i t h  BAC and m-PDA 
BTDAb w i t h  BDA and m-PDA 
BTDAb w i t h  HDA and m-PDA 
BTDA w i t h  HDA and m-PDA 
BTDA w i t h  ODA and m-PDA 
BTDA and PMDA w i t h  HDA 
BTDA and PMDA w i t h  ODA 













aBTDA = Benzophenonetetracarboxyl i c d ianhydr ide 
BMDA = P y r o m e l l i t i c  d ianhydr ide 
MDA = 4,4'-methylenediani 1 i ne 
BDA = lD4-bUtanediamine 
HDA = lD6-hexanediamine 
ODA = lD8-octanediamine 
DDA = lD12-dodecanediamine 
BAC = lD3-Bis(aminomethy1 )cyclohexane 
m-PDA = m-phenylenediamine 
bBTDA from the  Chriskev Company 
Barcol  Hardness 
RT 93°C 140°C 

































































composite s t rengths .  
e f f o r t s  were conducted on t h e  BTDA/BAC/m-PDA po ly imide  a f t e r  
f rom i n i t i a l  e f f o r t s  on t h e  present  program. 







v i  scos i  t y  
t was selectee, 
SECTION 2 
OBJECTIVE 
The o v e r a l l  o b j e c t i v e  o f  t h i s  program i s  the  development o f  new 
t h e r m o p l a s t i c  l a m i n a t i n g  r e s i n ( s )  t h a t  can be used w i t h  g lass  o r  g r a p h i t e  
f i b e r s  t o  p rov ide  impact- and s o l v e n t - r e s i s t a n t  composites f o r  p o t e n t i a l  use 
on aerospace vehic les.  These composites must have mechanical p r o p e r t i e s  
e q u i v a l e n t  t o  s ta te -o f - the -a r t  177°C (350°F) c u r i n g  epoxy systems. Al though 
seve ra l  rou tes  can be pursued t o  improve the  impact s t r e n g t h  o f  composites 
(such as i n c r e a s i n g  t h e  s t r a i n - t o - f a i l u r e  c a p a b i l i t y  o f  t h e  re in fo rcement )  
t h i s  e f f o r t  s p e c i f i c a l l y  p e r t a i n s  t o  r e s i n  development. Even though the  
t e n s i l e  s t r e n g t h  and t e n s i l e  modulus o f  t he  re in fo rcement  a re  considered t o  be 
t h e  dominant c o n t r i b u t o r s  t o  impact s t r e n g t h  o f  composites, t h e  m a t r i x  a l s o  
p l a y s  an impor tan t  r o l e  by t r a n s f e r r i n g  l oad  and d i s s i p a t i n g  s t ress .  
Target  p r o p e r t i e s  for t h e  polymers are l i s t e d  below. 
Amenable t o  impregnat ion o f  a re in fo rcement  us ing  convent iona l  
equipment 
Long prepreg s h e l f  l i f e  a t  ambient c o n d i t i o n s  (>6 months) 
Acceptable p rocess i  b i  1 i t y  [maximum c u r l  ng temperature of  316°C 
(600"F), maximum c u r i n g  pressure o f  0.69 MPa (100 p s i ) ,  maximum 
t i m e  a t  f i n a l  temperature o f  1 hr, i n s e n s i t i v e  t o  heatup ra te ,  and 
no v o l a t i l e  e v o l u t i o n ]  
e Thermoformability (thermoform flat-sheet stock t o  desired 
configurations a t  maximum temperature and pressure of 316°C and 
0.69 MPa, respectively; a b i l i t y  t o  undergo thermoforming process 
twice) 
Acceptable mechanical properties over temperature range of -54' t o  
93°C (-65" t o  200°F) a f t e r  environmental exposure ( h u m i d  aging and 
long-term aging a t  93°C) 
Resistant t o  airplane f lu ids  and solvents (under s t r e s s )  
Impact resistance and damage tolerance 
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SECTION 3 
RESULTS AND DISCUSSION 
Th is  s e c t i o n  has been d i v i d e d  i n t o  subsections which deal w i t h  
d i f f e r e n t  key aspects o f  t h e  development e f f o r t .  I n i t i a l  e f f o r t s  were 
d i r e c t e d  toward s e l e c t i o n  o f  t he  bes t  o f  t h ree  candidate polymers based on a 
number o f  t e s t s .  
Se lec t i on .  
f l o w  o p t i m i z a t i o n  s tud ies .  These s tud ies  ensued and a r e  descr ibed i n  
Sec t ion  3.2, Mo lecu la r  Weight/Melt Flow Op t im iza t i on  Studies.  Composite 
e f f o r t s  a r e  descr ibed i n  Sec t ion  3.3. 
These e f f o r t s  a re  descr ibed i n  Sec t ion  3.1, Polymer 
The BTDA/BAC/m-PDA polymer was se lec ted  f o r  mo lecu la r  w e i g h t h e l t  
3.1 POLYMER SELECTION 
3.1.1 Synthes is  
I n i t i a l  e f f o r t s  r e q u i r e d  p repar ing  t h r e e  polymers i n  s u f f i c i e n t  
q u a n t i t y  and molecu la r  we igh t  t o  s e l e c t  t he  one w i t h  t he  bes t  balance o f  
p r o p e r t i e s  f o r  f u r t h e r  eva lua t ion .  The t h r e e  polymers were f rom BTDA and 
m-PDA w i t h  t h r e e  a l i p h a t i c  diamines, BDA, HDA, and BAC. These e f f o r t s  a re  
descr ibed below. 
Monomers 
BDA, HDA, and 2,4-diaminotoluene (2,4-DAT) were used i n  t h e  as-received 
c o n d i t i o n  f rom m a t e r i a l s  which had been success fu l l y  polymerized i n  the  past. 
The wPDA was d i s t i l l e d  a t  0.3 mn Hg a t  l l O ° C .  
and t h e  f o u r  f r a c t i o n s  analyzed by gas chromatography. 
The BAC was vacuum d i s t i l l e d  
The f i r s t  f r a c t i o n  had 
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an obvious low b o i l i n g  contaminate. 
t h e  same low b o i l i n g  contaminate which was not removed by the  s imple 
d i s t i l l a t i o n .  
contaminate. 
ob ta ined from t h e  po lymer iza t ions  discussed below, t h i s  small amount o f  
contaminate does not appear t o  l i m i t  molecular weight growth. 
The l a s t  t h ree  f r a c t i o n s  had a t r a c e  o f  
I f  required, a column could be used t o  poss ib l y  remove t h i s  
However, as evidenced by t h e  i nhe ren t  v i s c o s i t i e s  ( IVs ) *  
BTDA was i n i t i a l l y  used i n  t h e  as-received c o n d i t i o n  from t h e  Chriskev 
Company. A subsequent l o t  o f  t h i s  m a t e r i a l  had t h e  d i s t i n c t  odor o f  a c e t i c  
anhydride. 
a t  180°C p r i o r  t o  use. 
Therefore, subsequent l o t s  were t r e a t e d  overn igh t  i n  a vacuum oven 
BTDA from t h e  Chriskev Company i s  imported from Japan and i s  chemica l l y  
dehydrated compared t o  thermal dehydrat ion used on Gu l f  Chemical ' s t  m a t e r i a l  . 
It i s  repo r ted  t o  be purer  than t h e  Gu l f  m a t e r i a l  and f r e e  o f  t r i a c i d .  
anhydr ide assay by a n i l i n e  t i t r a t i o n  i s  98.6 percent. 
1 4 percent i s  t e t r a a c i d .  
I t s  
The remaining 
As discussed i n  t h e  nex t  sec t ion ,  i n i t i a l  d i f f i c u l t y  i n  o b t a i n i n g  
v scous c reso l  s o l u t i o n s  o f  t he  polymer from BTDA w i t h  BDA and m-PDA prompted 
d i s t i l l a t i o n  o f  t he  BOA and gas chromatographic ana lys i s  o f  t h e  var ious  
f r a c t i o n s .  
160.0° t o  160.8"C, t h e  l a s t  two cu ts  were n e a r l y  chromatograph ica l l y  pure and 
were combined. Th is  h igher  p u r i t y  BDA a l s o  f a i l e d  t o  p rov ide  viscous c reso l  
s o l u t i o n s  o f  polymer. 
The as-received BDA was o f  good p u r i t y  and a f t e r  d i s t i l l a t i o n  a t  
As discussed below, t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  
p o l y m e r i z a b i l i t y  o f  BTDA from the  two sources. G u l f ' s  BTDA provides h igh  
A l l  I V ' s  i n  t h i s  r e p o r t  were conducted i n  c reso l  a t  25.0"C a t  0.5 g/100 m l  
concent r a t  i on . 
t h e  present program. 
* 
tNow Alco. Alco a l s o  has a v a i l a b l e  h i g h - p u r i t y  BTDA which was no t  t es ted  i n  
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molecular-weight polymers i n  c reso l  i n  1 t o  2 hr  a t  180°C whereas Chr iskev 's  
BTDA r e q u i r e s  ove rn igh t  r e a c t i o n  a t  180°C t o  o b t a i n  h igh  molecular-weight 
polymers. 
BTD A /BD A /m- P D A Po 1 y me r 
The BTDA/BDA polymer had 
e f f o r t s  by a standard method wh 
been successful  l y  prepared d u r i n g  
ch i n v o l v e d  a f i n a l  r e a c t i o n  cond 
p r  i o r  
t i o n  o f  1 h r  
a t  180°C. A f t e r  f o u r  unsuccessful  at tempts t o  o b t a i n  v iscous c reso l  s o l u t i o n s  
o f  t h e  BTDA/BDA/m-PDA polymer a f t e r  1 hr  a t  180"C, e f f o r t s  s h i f t e d  t o  t h e  
BTDA/HDA/m-PDA polymer. 
were developed, and used t o  prepare t h e  BTDA/BDA/m-PDA polymer. 
The BTDA/BDA/m-PDA polymer was success fu l l y  prepared as fo l l ows :  
New methods t o  prepare t h e  BTDA/HDA/m-PDA polymer 
A f t e r  
t h e  BTDA was d i sso l ved  i n  c reso l  a t  180"C, t he  s o l u t i o n  was placed i n  an i c e  
bath. A c r e s o l  s o l u t i o n  o f  BDA was added t o  the  c o l d  BTDA-cresol so lu t i on .  
A f t e r  30 min a t  room temperature, t he  BTDA/BDA prepolymer was heated f o r  2 hr  
and 20 min i n  a 180°C o i l  ba th  fo l l owed  by c o o l i n g  t o  room temperature. 
m-PDA-cresol s o l u t i o n  was added, a d j u s t i n g  the  s o l u t i o n  t o  10 percent  s o l i d s  
content.  Based on t h e  monomer weights, 99.50 percent o f  t he  s t o i c h i o m e t r i c  
diamine we igh ts  had been added. 
o i l  bath. A f t e r  2 hr  and 16.5 hr, I V s  o f  a l i q u o t s  withdrawn from t h e  r e a c t i o n  
were 0.30 and 0.37 d l / g  r e s p e c t i v e l y .  The wPDA was then added t o  t h e  
p o l y m e r i z a t i o n  t o  g i ve '  a c a l c u l a t e d  s to i ch iomet ry  o f  100.20 percent.  
4 more hours o f  r e a c t i o n  a t  180"C, t he  I V  o f  a sample o f  t he  polymer was 
0.48 dl/g.  A f t e r  f i n a l  a d d i t i o n  o f  wPDA t o  g i ve  a c a l c u l a t e d  diamine 
s t o i c h i o m e t r y  o f  101.00 percent  and 20 hr  r e a c t i o n  t ime  a t  180"C, t h e  I V  o f  
t h e  polymer was 1.02 dl/g.  The po lymer i za t i on  was viscous and c l e a r  a t  t he  
180°C r e a c t i o n  temperature. A d d i t i o n a l  24-hr and 48-hr r e a c t i o n  per iods  a t  
180°C produced polymer samples w i t h  I V s  o f  1.22 and 1.31 d l /g ,  r e s p e c t i v e l y .  
A 
The r e a c t i o n  was then immersed i n t o  an 180°C 
A f t e r  
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A 239g ba tch  o f  t h e  BTDA/BDA/m-PDA polymer was success fu l l y  prepared 
f o l l o w i n g  the  procedure descr ibed above. A f t e r  condensation o f  t he  BTDA/BDA 
prepolymer fo r  2 h r  a t  180°C, a c reso l  s o l u t i o n  o f  m-PDA was added t o  g i ve  a 
c a l c u l a t e d  t o t a l  amine s to i ch iomet ry  o f  100 percent. 
s o l i d s  conten t  was ad jus ted  t o  12 percent and the  r e a c t i o n  heated t o  180OC. 
A f t e r  4 h r  a t  180°C, the  I V  o f  t he  polymer was 0.53 dl /g.  The amine 
s to i ch iomet ry  was increased t o  100.80 percent and, a f t e r  a 4-hr a d d i t i o n a l  
r e a c t i o n  a t  180"C, t h e  I V  o f  t h e  polymer was 1.05 d l /g .  
The po lymer i za t i on  
T h i s  polymer was i s o l a t e d  by s low ly  pour ing  the  c reso l  s o l u t i o n  i n t o  a 
Waring b lender  c o n t a i n i n g  methanol. 
30 min i n  r e f l u x i n g  i sop ropy l  a lcoho l ,  f i l t e r e d ,  and f i n a l l y  d r i e d  16 hours a t  
170°C and 0.1 mm Hg. 
The i s o l a t e d  polymer was s t i r r e d  f o r  
T h i s  polymer was used t o  make the  moldings r e q u i r e d  f o r  
mechanical p roper t y  de terminat ions  and o the r  t e s t s .  
A d d i t i o n a l  polymer was r e q u i r e d  so 61g were prepared from the  same raw 
A f t e r  precondensation o f  m a t e r i a l s  employed above (a d i f f e r e n t  l o t  o f  BTDA). 
t h e  BTDA/HDA prepolymer f o r  12 hr  a t  180°C, t h e  amine s to i ch iomet ry  was 
ad jus ted  w i t h  m-PDA t o  100.81 percent and t h e  s o l i d s  conten t  was ad jus ted  t o  
15 percent. 
polymer was 0.67 d l / g  and 1.32 d l /g ,  respec t i ve l y .  
t h e  r e a c t i o n  temperature was very v iscous and was d i l u t e d  t o  10 percent  s o l i d s  
A f t e r  4-hr and 8-hr r e a c t i o n  t imes a t  180"C, t h e  I V  o f  t he  
The polymer s o l u t i o n  a t  
p r i o r  t o  i s o l a t i o n  i n  methanol. 
BTD A /HD A /m-P D A P o l  ymer 
The r e a c t i o n s  descr ibed below were conducted on t h e  BTDA/HDA/m-PDA 
polymer a f t e r  t h e  p r e l  i m i  nary experiments w i t h  the  BTDA/BDA/m-PDA polymer 
f a i l e d  t o  p rov ide  h igh  molecular-weight polymer. 
po lymer iza t ions ,  a l i p h a t i c  o r  aromat ic diamines added above s t o i c h i o m e t r i c  
q u a n t i t i e s  u s u a l l y  r e s u l t e d  i n  a gel,  presumably due t o  c r o s s l i n k i n g  
reac t i ons .  
Based on p r i o r  
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As a pre lude t o  at tempt t o  polymerize BTDA w i t h  HDA and 
Thus, BTDA w i t h  p o l y m e r i z a b i l i t y  o f  BTDA was t e s t e d  w i t h  HDA. 
m-PDA, t h e  
a 95 percent 
s t o i c h i o m e t r i c  q u a n t i t y  o f  HDA, was heated f o r  1 h r  a t  180°C i n  c reso l  a t  
10.69 percent so l i ds .  The a d d i t i o n s  o f  1.6 percent HDA and 2.0 percent HDA, 
each fo l l owed  by a l - h r  r e a c t i o n  a t  180°C, d i d  no t  s i g n i f i c a n t l y  increase t h e  
v i s c o s i t y  o f  t h e  ho t  so lu t i on .  The f u r t h e r  a d d i t i o n  o f  5 percent HDA fo l lowed 
by t reatment a t  18OOC l e d  t o  a ge l  a f t e r  15 minutes a t  temperature. The 
s to i ch iomet ry  a t  g e l a t i o n  was about 103.5 percent HDA. This gel i s  de f ined as 
a Type A ge l  which i s  caused by an a d d i t i o n  of excess diamine t o  t h e  
po lymer i za t i on  and i s  probably a t t r i b u t a b l e  t o  i n t e r c h a i n  c r o s s l i n k s  w i t h  
diamine molecules. 
A 98.00 s t o i c h i o m e t r i c  BTDA/HDA/m-PDA polymer was prepared a t  11.71 percent 
s o l i d s  i n  c reso l .  The m-PDA, added as a c reso l  s o l u t i o n  a t  room temperature, 
was reac ted  w i t h  the  BTDA/HDA prepolymer a t  180°C f o r  1 h r  and 35 min. The 
BTDA/HDA prepolymer s o l u t i o n  was prepared by a d d i t i o n  o f  a HDA-cresol s o l u t i o n  
t o  t h e  ice-bath-cooled BTDA-cresol s o l u t i o n  fo l l owed  by condensation a t  18OOC 
f o r  1 h r  and 15 min. Several a l i q u o t s  o f  t h e  r e a c t i o n  m ix tu re  were taken f o r  
f u r t h e r  r e a c t i o n  w i t h  m-PDA and o the r  diamines t o  i n v e s t i g a t e  r e a c t i o n  
c o n d i t i o n s  requ i red  t o  produce high-rnolecular-weight polymer. 
React ion cond i t ions ,  c a l c u l a t e d  f i n a l  s to i ch iomet r i es ,  and r e s u l t i n g  I V s  
a r e  i n d i c a t e d  i n  F igu re  3. 
F i g u r e  3. 
The f o l l o w i n g  observat ions were made from 
0 A t  100.5 percent s t o i c h i o m e t r i c  amine, HDA and MDA l ead  t o  ge l  i n  
1 /3  o f  t h e  t ime i t  takes m-PDA t o  ge l  (F igu re  3, Blocks D, E, F, 
and G) 
Excess MDA o r  m-PDA does no t  necessa r i l y  lead t o  gel (F igure  3, 
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0 Excess m-PDA appears t o  c leave t h e  backbone (F igure  3, Blocks K, L, 
and M);  however, ove rn igh t  r e a c t i o n  lead t o  a s i g n i f i c a n t  increase 
i n  t h e  I V  o f  one polymer con ta in ing  excess m-PDA (F igu re  3, 
Blocks M and N) 
The study descr ibed above ra i ses  more quest ions than i t  answers, 
p a r t i c u l a r l y  i n  view o f  t h e  f a c t  t h a t  a l l  t h r e e  ge ls  obtained a t  about 
100.5 percent  s to i ch iomet ry  were found t o  be so lub le  i n  excess c reso l  a f t e r  
ove rn igh t  hea t ing  a t  60°C (F igu re  3 b locks  D, E, and F). 
de f i ned  as a Type B gel.  
s o l u b l e  polymer and thus  become a Type B gel i s  unknown s ince  most gels i n  the  
pas t  have been discarded and not t es ted  f o r  slow d i s s o l u t i o n  i n  c reso l  a t  
60°C. 
This type  o f  ge l  i s  
As t o  whether Type A ge ls  can be d i l u t e d  t o  ob ta in  
Resu l ts  from a second po lymer i za t i on  s i m i l i a r  t o  t h e  one descr ibed 
above a r e  shown i n  F igure  4. 
Observat ions from the  reac t i ons  and samples removed are  l i s t e d  below. 
0 The 100.5 percent amine s to i ch iomet ry  l e d  t o  a ge l  as observed i n  
t h e  f i r s t  study which could be s low ly  d i sso l ved  i n  c reso l  a t  60°C 
f o r  I V  de te rm ina t ion  (F igu re  4, Block E) 
A d i r e c t  r e l a t i o n s h i p  e x i s t s  between I V  and s o l i d s  content o f  the  
r e a c t i o n  
Th is  l a t t e r  r e l a t i o n s h i p  i s  p l o t t e d  i n  F igu re  5, and t h e  r e l a t i o n s h i p  
between t h e  percent s o l i d s  and IVs f o r  t h e  20 h r  a t  180°C samples (22 h r  
t o t a l  r e a c t i o n  t ime)  suggests a second-order reac t ion .  O i  1 ba th  temperature 
v a r i a t i o n  which a f f e c t s  t h e  r e a c t i o n  r a t e  was normalized by p l a c i n g  t h e  
samples i n  t e s t  tubes i n  t h e  same s t i r r e d  o i l  bath f o r  t h e  ove rn igh t  reac t ion .  
S i g n i f i c a n t  increases i n  t h e  IVs were observed f o r  a l l  o f  t h e  reac t ions .  The 
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Percent solids 
Note: 2-hr samples reacted individually w i t h  stirring. 
20-hr samples a l l  reacted i n  same o i l  b a t h  i n  
test  tubes wi thout  stirring. 
reaction time, see Figure 4.)  
(22-hr  t o t a l  
Figure 5 .  Inherent viscosity versus percent solids 
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s i g n i f i c a n t .  A l l  samples appeared t o  be i n  s o l u t i o n  a t  t he  r e a c t i o n  
temperature. However, an e las tomer ic  behavior was observed i n  t h e  cooled 
c r e s o l  s o l u t i o n s  o f  t h e  10, 15, and 20 percent s o l i d s  reac t ions .  A l l  o f  t he  
r e a c t i o n s  were c l e a r  up t o  15 percent  so l i ds .  A t  20 percent so l i ds ,  a s l i g h t  
haze developed i n  t h e  second hour o f  r e a c t i o n  a t  180°C and a t  23 percent 
s o l i d s  a heavy opac i t y  developed i n  t h e  f i r s t  hour o f  r e a c t i o n  a t  180°C. 
I t  i s  noteworthy t h a t  p r i o r  e f f o r t s  i nvo l ved  scale-up o f  t h e  
99.0 percent s t o i c h i o m e t r i c  amine r e a c t i o n  a t  13 percent s o l i d s  s ince  t h e  l a s t  
1.0 percent amine cou ld  n o t  be added w i t h o u t  ge l  formation. 
a t  180°C ( 1  h r  a t  96.0 percent amine s to i ch iomet ry  and t h e  l a s t  hour a t  
99.0 percent s to i ch iomet ry )  r e s u l t e d  i n  I V s  o f  about 1 d l / g  (HzSO.4). 
understanding t h a t  t he  r a t e  o f  molecular-weight growth a t  180°C i s  apparent ly  
s lower w i t h  t h e  Chr iskev BTDA, t h e  1-hr r e a c t i o n  t imes a t  180°C are  obv ious l y  
inadequate, p a r t i c u l a r l y  w i t h  m-PDA. 
A 2-hr r e a c t i o n  
With t h e  
The second study, a l though key t o  understanding how t o  achieve 
high-molecular weight, poses more questions, i.e., can high-molecular-weight 
polymer be made a t  98.0 percent amine s to i ch iomet ry  and h igh  s o l i d s  conten t  
r e a c t i o n s ?  
A 2479 po lymer i za t i on  o f  t h e  BTDA/HDA/r-PDA polymer was prepared by 
procedures descr ibed above a t  15 percent  so l i ds .  A f t e r  a 2-hr r e a c t i o n  a t  
180°C a t  98.50 percent  amine s to ich iomet ry ,  t he  I V  o f  the  polymer was 
0.53 dl /g.  
was ad jus ted  t o  99.00 percent  and a f t e r  12-hr r e a c t i o n  a t  180"C, t h e  I V  o f  the  
polymer was 0.90 dl /g.  The po lymer i za t i on  was hazy compared t o  t h e  very c l e a r  
s o l u t i o n  ob ta ined on the  BTDA/BDA/m-PDA polymer descr ibed i n  t h e  prev ious  
sect ion.  The polymer was i s o l a t e d  as p r e v i o u s l y  described. 





















BTDA/BAC/m-PDA P o l  ymer 
An 89 po lymer i za t i on  a t  99.95 percent amine s to i ch iomet ry  and 
15 percent  s o l i d s  was c a r r i e d  o u t  as descr ibed i n  t h e  prev ious  sect ions.  
A f t e r  4- and 8-hr r e a c t i o n  t imes i n  a 180°C o i l  bath, t he  I V s  o f  t h e  
polymers were 0.41 and 0.44 d l /g ,  r e s p e c t i v e l y .  The s to i ch iomet ry  was 
ad jus ted  t o  101.00 percent  w i t h  m-PDA fo l l owed  by hea t ing  t o  180°C f o r  
15 hr. A f t e r  12 h r  a t  180"C, t h e  po lymer i za t i on  was viscous b u t  no t  ge l led.  
A f t e r  15 h r  t h e  po lymer i za t i on  m ix tu re  was no t  s t i r r a b l e  b u t  upon d i l u t i o n  
t o  10 percent  s o l i d s ,  i t  became s t i r r a b l e  again. The I V  o f  t h e  polymer was 
1.85 d l / g  a f t e r  t h e  15-hr r e a c t i o n  t ime a t  180°C a t  t he  101.00 percent amine 
s to i ch iomet ry .  
A 255g po lymer i za t i on  was c a r r i e d  o u t  a t  15 percent s o l i d s  and a t o t a l  
amine s to i ch iomet ry  o f  100.99 percent. A f t e r  a 3-hr r e a c t i o n  a t  180"C, t h e  I V  
o f  t h e  polymer was 0.47 d l /g .  
a polymer w i t h  an I V  o f  0.69 d l / g  and a f t e r  4 more hours o f  r e a c t i o n  t h e  I V  o f  
A d d i t i o n a l  r e a c t i o n  a t  180°C f o r  3 h r  produced 
t h e  polymer was 0.90 d l /g .  The polymer was then i s o l a t e d  by the  p r e v i o u s l y  
descr ibed procedure. 
3.1.2 Moldings o f  High-Molecular-Weight Polymers 
Th ick  Moldings 
P r e l i m i n a r y  molding s t u d i e s  on 2g samples i n  a 5.1 cm2 d i s k  mold 
demonstrated t h a t  t h e  t h r e e  candidate polymers were completely molded a t  
6.9 MPa a t  t h e  temperatures i n d i c a t e d  below: 
Compos i ti on Temperature 
BTDA /BDA/m-P DA 
BTD A /HD A /m-PD A 
BTDA /BAC/m-PD A 
316 " C 
288 " C 
343 " c 
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Since these i n i t i a l  molding e f f o r t s  were d i r e c t e d  toward mechanical 
p roper ty  and o the r  tes ts ,  o the r  molding cond i t i ons  were no t  i nves t i ga ted .  The 
polymers were molded w i t h  a 10-min ho ld  a t  the  temperatures i n d i c a t e d  above t o  
produce severa l  moldings. 
S ix ty  gram samples o f  each polymer were molded t o  nominal th icknesses 
o f  0.3 cm f o r  G I c  t e s t i n g .  The moldings were quar tered and two each o f  t he  
oppos i te  quadrants were t ransmi t ted  t o  NASA i n  the  "as molded" and "annealed" 
cond i t i ons .  Anneal ing s tud ies  are discussed i n  the  next  sec t i on  o f  t he  
repo r t .  
T h i r t y  gram samples o f  each polymer were molded t o  nominal th icknesses 
o f  0.22 cm. These moldings were sect ioned i n t o  1.27 cm s t r i p s  f o r  so l ven t  
res i s tance  and o the r  t e s t s .  
One hundred gram samples o f  each polymer were molded t o  nominal 1.27-cm 
th icknesses f o r  compression t e s t i n g .  
A l l  o f  t he  above moldings appeared t o  be homogeneous by t r a n s m i t t e d  
l i g h t  and were good q u a l i t y  except f o r  the  lOOg molding o f  t he  BTDA/BAC/m-PDA 
polymer which had entrapped a i r  bubbles near the  center  o f  t he  molding. Only 
about 10 percent  o f  t he  area o f  the  molding conta ined the  bubbles. 
Th in  Moldings 
Attempts t o  mold t e n s i l e  specimens t h i n n e r  than the  o the r  moldings l e d  
t o  moldings from a l l  t h ree  o f  t he  candidate polymers which conta ined 10 t o  
30 percent  unmolded areas. These moldings were t o  have an a rea l  weight  o f  
approximately 0.2 g / c d ,  which i s  a f a c t o r  o f  about 5 l e s s  than the  next  
t h i c k e r  moldings. Unmolded areas are  a d i r e c t  r e s u l t  o f  uneven polymer 
d i s t r i b u t i o n  i n  the  mold, l i m i t e d  p r o c e s s i b i l i t y  o f  the polymers and 
accord ing ly  uneven pressure d i s t r i b u t i o n  du r ing  the  molding. 
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T h i s  problem was studied i n  some d e t a i l ,  even though moldabi l i ty  was 
not  part  of the, decis ion matrix fo r  selection of the best  candidate.  
Perfected prepregs will probably have a rea l  weights of l e s s  t h a n  0.2 g/cm2. 
Furthermore, they will contain up t o  65 volume percent f i b e r s  which wi l l  
further arrest r e s i n  flow i n  the xy plane. 
To i n v e s t i g a t e  the i n a b i l i t y  of the resin t o  provide good q u a l i t y  t h i n  
moldings, unmolded f ibrous  resins (TGA scans showed t h a t  a l l  t h r e e  r e s ins  were 
e s s e n t i a l l y  f r e e  of cresol) were placed in to  a 2.54 cm2 plunger mold a t  about 
a 45" angle  and  molding pressure and temperature varied t o  determine 
condi t ions necessary t o  " f i l l "  the mold. The areal w e i g h t  of completely 
molded specimens was about 0.2 g/cm2. 
r e l a t i v e l y  h i g h  pressures t o  f i l l  the mold, 
All t h ree  candidates required 
The  percent molded area fo r  the 6.9 MPa (1000 ps i ) ,  303°C processed 
moldings a r e  l i s t e d  i n  Table 2. 
and  pressure a p p l i e d  f o r  30 m i n  w i t h  hold times i n  the  mold prior t o  pressure 
a p p l i c a t i o n  of 0, 10, and 30 m i n .  Thermocouple readings indicated t h a t  the  
molding reached the temperature i n  about 15 min  and was approximately 
isothermal for the  remainder o f  the time. Lower pressure moldings,  
i.e., 1.4 MPa (200 psi), gave a smaller percentage molded area ,  as expected, 
which c o r r e l a t e d  w i t h  the reduced pressure. T h u s  the 1.4 MPa processed 
moldings had molded areas of about one-f i f th  of the 6.9 MPa processed 
mol d i n g s .  
The mold was placed i n t o  a preheated press  
The percent molded a r e a s  ind ica ted  i n  Table 2 show t h a t  only one of the 
three candida te  polymers " f i l l e d "  the mold a t  the 6.9 MPa, 303°C molding  
cond i t ions  (BTDA/HDA/m-PDA polymer). 
mold prior t o  pressure app l i ca t ion  reduced the flow of the BTDA/HDA/m-PDA 
polymer and gave only a 90 percent molded area. 
Holds of 10 and 30 m i n  i n  the heating 
Heating the  BTDA/BDA/m-PDA 
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aTwo batches o f  polymer were t e s t e d  w i t h  the  same r e s u l t s  
ob ta ined f o r  bo th  batches. Cresol I V ' s  o f  the  two 
batches were 1.05 and 1.32 d l / g  
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polymer p r i o r  t o  pressure a p p l i c a t i o n  a l s o  l e d  t o  reduced f l ow  areas. 
BTDA/BAC/m-PDA polymer gave cons tan t  f l ow  areas w i t h  0, 10, and 30 min holds 
p r i o r  t o  pressure a p p l i c a t i o n .  
The 
P r i o r  program e f f o r t s 2  w i t h  the  BTDA/HDA/m-PDA 
polymer showed reduced f l o w  w i t h  i n c r e a s i n g  molding temperature. 
DSC Ana lys i s  o f  Molded and Unmolded Polymers 
DSC a n a l y s i s  o f  molded and unmolded p o r t i o n s  o f  t he  d i s k s  as w e l l  as 
v i r g i n  polymer and o the r  moldings was c a r r i e d  ou t  i n  an a t tempt  t o  understand 
why reduced f l o w  areas were observed w i t h  ho ld  t imes a t  temperature p r i o r  t o  
p ressure  a p p l i c a t i o n .  
polymer i n  t h r e e  cond i t i ons :  
f o r  1 h r  a t  316°C a f t e r  molding f o r  10 min a t  288°C. 
rehea t  o f  t he  DSC sample (heated t o  425"C), which was molded 10 min a t  288°C. 
The Tg t r a n s i t i o n  i s  evident,  as w e l l  as a high-temperature exotherm which i s  
F i g u r e  6 p rov ides  DSC curves* o f  t h e  BTDA/HDA/m-PDA 
as prepared, molded 10 min a t  288"C, and heated 
The f o u r t h  curve i s  a 
n e a r l y  e l i m i n a t e d  w i t h  molding and completely e l i m i n a t e d  by t rea tment  t o  
425°C. The exotherm assoc ia ted  w i t h  m e l t  o f  t he  powder i s o l a t e d  from a c reso l  
s o l u t i o n  w i t h  methyl a l coho l  has been p r e v i o u s l y  noted. I t  was concluded from 
i n s p e c t i o n  o f  numerous DSC t r a c e s  t h a t  h igh  temperatures ( 4 2 5 ° C )  e l i m i n a t e  
t h e  exotherm, and f u s i o n  under pressure and temperature cond i t i ons  a l s o  
e l i m i n a t e s  t h e  exotherm. 
molding, does n o t  e l i m i n a t e  t h e  exotherm. The o r i g i n  o f  t h e  exotherm i s  
unknown. 
Fusion alone, as evidenced by good c lar i ty  o f  t h e  
Table 3 summarizes the  data on se lec ted  as-prepared poly imides. The 
suggest ion  t h a t  t h e  peak exotherm temperature i s  a bas i c  c h a r a c t e r i s t i c  o f  t h e  
polymer 's composi t ion i s  noted. 
sample No. 48-83, i s o l a t e d  w i t h  methyl a lcoho l ,  has the  same peak exotherm 
For  example, t h e  BTDA/BDA/m-PDA polymer, 
A l l  DSC, TGA and o t h e r  thermal analyses i n  t h i s  r e p o r t  were conducted a t  










Curves from top t o  bottom are: 
Curve 1 = As prepared fibers, AH = 40.4 J/g 
Curve 2 = Molded 10 m i n  a t  288', AH = 1.0 J/g 
Curve 3 = Above plus 1 hr a t  316'C, AH = 0.9 J/g 
Curve 4 = Reheat of sample which gave Curve 2 
Tgs shown are onset temperatures 
































(50/50 w t  p c t )  
BTDA/BAC/m-PDA 
Table 3. Comparison of DSC propert ies  o f  unrnolded polyimide powders 
Exotherm 
Sample No. Tg (onset ) ,  'C Onset, 'C Peak, 'C bH, J/g 
43-54 226 36 5 389 29 
43-83 223 376 39 7 38 
43-83 Poor d e f i n i t i o n  
from cresol  o f  event  37 0 39 6 3 
Reheat o f  
cresol  sample 217 None None None 
78- 134 134 308 336 22 
( r e h e a t )  123 None None None 
338-85 16 1 342 36 7 22 
( r e h e a t )  192 None None None 
43-50 20 1 342 364 39 
338-438 110 320 349 57 
( r e h e a t )  106 None None None 
65-107 190 342 36 1 32 
43-69 24 1 336 36 2 65 







temperature as t h e  polymer i s o l a t e d  by hea t ing  t h e  c reso l  s o l u t i o n  f o r  1 h r  a t  
250°C. 
The peak exotherm temperature and AH values were determined f o r  a s e r i e s  
The de ta i  1 s o f  t h i s  study o f  va ry ing  molecular weight BTDA/HDA/m-PDA polymers. 
a r e  presented i n  Table 4. The peak exotherm temperatures show e s s e n t i a l l y  no 
v a r i a t i o n  w i t h  mo lecu la r  weight and t h e  AH values show on ly  a s l i g h t  inc rease 
w i t h  mo lecu la r  weight. 
f rom c reso l  a t  room temperature w i t h  methyl a lcoho l .  They were then t r e a t e d  
f o r  t h e  same t ime  w i t h  f r e s h  methyl a lcoho l  a t  6OoC, and f i n a l l y  vacuum d r i e d  
t o g e t h e r  overn igh t  a t  200°C and 0.1 mn Hg. It can be t e n t a t i v e l y  concluded 
from t h i s  study t h a t  t he  DSC exotherm i s  a bas ic  p roper ty  o f  t he  polymer when 
i s o l a t e d  as f i b e r s  from the  c reso l  r e a c t i o n  medium. How i t  v a r i e s  w i t h  method 
o f  i s o l a t i o n ,  t r a c e  c reso l ,  c r o s s l i n k i n g ,  branching, and/or o the r  poss ib le  
v a r i  ab1 es i s  not  known . 
A l l  o f  t h e  samples were i n i t i a l l y  i s o l a t e d  i n d i v i d u a l l y  
Another phenomenon was observed w i t h  the  BTDA/BDA/m-PDA polymer which 
was n o t  observed from BTDA/HDA/m-PDA o r  BTDA/BAC/m-PDA polymers. DSC ana lys i s  
o f  t h e  fused p o r t i o n  of t he  t e s t  d i sks  molded a t  252", 280", and 303°C w i t h  no 
h o l d  t ime  gave a Tg which was about 20°C lower than t h e  unfused o r  unmelted 
p o r t i o n  of  t h e  d isk .  
425°C gave a f i n a l  Tg f o r  t h e  polymer which was e s s e n t i a l l y  t h e  same as the  
as-prepared and unfused polymers. 
i s  shown i n  F igu re  7, which shows t h e  DSC curves of t he  as-prepared polymer, 
t h e  polymer a f t e r  f u s i o n  f o r  30 min a t  28OoC, and t h e  l a t t e r  polymer reheated 
a f t e r  t h e  f i r s t  DSC ana lys is .  The fused p o r t i o n  o f  t h e  BTDA/BDA/m-PDA polymer, 
which was he ld  f o r  30 min a t  303°C a t  atmospheric pressure fo l l owed  by 
a p p l i c a t i o n  o f  6.9 MPa pressure f o r  30 min, gave a Tg onset temperature a t  
220°C suggest ing t h a t  thermal h i s t o r y  i n f l uences  t h e  Tg. 
Reheating t h e  DSC specimens which had once been heated t o  
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6.9 MPa processed d isk  
Curve 3 = Reheat o f  sample which gave Curve 2 
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3.1.3 Annealing Studies 
P r i o r  e f f o r t s  showed t h a t  t he  room temperature and e leva ted  temperature 
Barcol  hardnesses o f  several  polymers were increased w i t h  24-hr t reatment a t  
140°C. For example, t h e  hardness o f  t h e  BTDA/HDA/m-PDA polymer increased from 
32 t o  38 a t  room temperature w i t h  t h i s  treatment. 
Small moldings o f  a l l  t h r e e  candidates when t r e a t e d  a t  o r  above t h e i r  
Tgs expanded i n  t h e  z o r  mold p lunger  d i r e c t i o n  w i t h  concurrent shr inkage i n  
t h e  xy d i r e c t i o n s .  Furthermore, a molding of t h e  BTDA/HDA/m-PDA polymer was 
i n t e n t i o n a l l y  reduced i n  th ickness  from 2.31 t o  1.71 mn w i t h  a corresponding 
i nc rease  i n  i t s  area by t r e a t i n g  i t  f o r  6 h r  a t  222°C under 0.4 MPa pressure 
and c o o l i n g  under t h a t  pressure. With a s i n g l e  heat t reatment t o  300"C, t h e  
polymer cube e s s e n t i a l l y  re tu rned t o  i t s  o r i g i n a l  dimensions. 
The t h r e e  candidate polymers were then heat t r e a t e d  f o r  16 h r  a t  20°, 
30", and 50°C below t h e i r  Tgs. Barcol  hardness measurements were made on t h e  
samples a t  room temperature, 93" and 140°C and a second t ime a t  room 
temperature a t  t h e  end of t he  e leva ted  temperature t e s t s .  
a r e  presented i n  Table 5. 
These measurements 
Only minor b e n e f i t s  t o  the  hardness of t he  m a j o r i t y  o f  the  samples are 
observed from var ious  heat t reatments shown i n  Table 5. The BTDA/HDA/m-PDA 
polymer shows s l i g h t  improvement over t h e  as-molded values w i t h  the  16-hr heat 
t rea tments  a t  20" and 30°C below Tg (176 and 166"C, r e s p e c t i v e l y ) .  The 
inc rease  i n  hardness a t  93°C w i t h  d i f f e r e n t  polymer composit ions i s  important.  
The BTDA/BAC/m-PDA polymer w i t h  i t s  hardness of 45 a t  93°C and 38 a t  140°C 
shows e x c e l l e n t  r e t e n t i o n  of t he  room temperature value. 
t h e  va lue  o f  t he  c o n t r o l  sample a t  14OOC. 
It i s  n e a r l y  tw ice  
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Table 5. Barcol  hardness o f  candidate polymers 
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93°C 1 140°C 
BSamples d r i e d  f o r  2 h r  a t  12O'C and cooled i n  a dess i ca to r  
Samples t r e a t e d  16 h r  a t  t he  
bContro l  sample was repo r ted  i n  NASA CR 172568. 
p r i o r  t o  s t a r t i n g  experiment. 
i n d i c a t e d  temperature 
Heat- t reated sample p r e v i o u s l y  gave a value o f  38 a t  room 
temperature and 18 a t  140'C. 
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Other va r iab les  associated w i t h  the  specimens du r ing  heat t reatment  
were measured and are  l i s t e d  i n  Table 6. A l l  samples l o s t  weight w i t h  heat 
t reatment  which was u s u a l l y  accompanied by a reduc t ion  i n  the  sample's volume. 
The volumes o f  t h e  BTDA/HDA/m-PDA polymer samples a f t e r  t he  146' and 166OC 
t reatments were no t  reduced. The s l i g h t  th ickness increase observed w i t h  heat 
t reatment  i s  probably  r e l a t e d  t o  dimension changes observed when the  polymers 
a r e  heat t r e a t e d  above t h e i r  Tg, as p rev ious l y  discussed. Thickness increase 
i s  c l e a r l y  assoc iated w i t h  shr inkage i n  o the r  sample dimensions t o  g ive  the  
observed reduc t i on  i n  volume. A l l  o f  t he  moldings were heat t r e a t e d  f o r  16 h r  
a t  30°C below t h e  Tg o f  polymer. 
3.1.4 Tes t ing  
The t h r e e  candidate po ly imides were tes ted  fo r  t he  compressive 
p r o p e r t i e s  , f r a c t u r e  energ ies , suscept i  b i  1 i ty  t o  mois ture (water bo i  1 ) and 
s t ressed so lvent  res is tance.  These tes ts ,  which are descr ibed below, were 
conducted on moldings prepared and annealed as descr ibed i n  the  prev ious 
sect ion.  
Compression P roper t i es  
Moldings o f  t h e  t h r e e  candidate polymers were sent t o  Delsen Tes t ing  
Labora tor ies ,  Inc., Glendale, C a l i f o r n i a ,  fo r  specimen p repara t i on  and 
compression p r o p e r t i e s  de terminat ion  per  ASTM D695-85. 
ob ta ined from each mold ing f o r  t h ree  r e p l i c a t e s  per t e s t  cond i t ion .  The 
compression p r o p e r t i e s  o f  t h e  th ree  candidates were obta ined a t  room 
temperature, 93OC, and 93OC a f t e r  24-hr water b o i l .  A summary o f  the  t e s t  
r e s u l t s  i s  prov ided i n  Table 7. Table 7 a l s o  gives the  percent mo is tu re  
weight  ga in a f t e r  24-hour water -bo i led  specimens. 
Nine specimens were 
The compression p r o p e r t i e s  obta ined by extensometer on the  th ree  
candidates suggest good p o t e n t i a l  as composite matr ices.  The BTDA/BAC/m-PDA 
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Table 6. Physica l  p roper ty  changes o f  heat t r e a t e d  specimens 
Heat 
Treatment Thickness Wei ght  Vol ume 
Tempe r a t  u rea I n c reas e Loss Change 
Composi t i on ("C) (%)  0) (%) 
BTDA/BDA/m-PDA 
202 0.2 0.30 -0.22 
192 0.1 0.31 -0.19 
172 None 0.30 -0.12 
- 
BTDA/ HDA/m- PDA 
176 0.1 0.21 -0.17 
166 0.1 0.19 +0.04 
146 0.1 0.15 +0.02 
BTDA/BAC/m-PDA 
221 0.1 0.34 -0.37 
211 0.2 0.33 -0.34 
191 0.2 0.32 -0.18 . - 
Speci f i c 
Grav i t y  
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polymer had a modulus a t  room temperature o f  4.85 GPA, t he  BTDA/HDA/m-PDA 
polymer a modulus o f  3.92 GPa, and the  BTDA/BDA/m-PDA polymer a modulus o f  
4.37 GPa. These compression moduli  values are  h igher  than f a m i l i a r  
eng inee r ing  the rmop las t i cs  c i t e d  i n  t h e  1986-87 Modern P l a s t i c s  Encyclopedia. 
Fo r  example, polyamide-imide i s  seen t o  have a compression modulus o f  
1.9-3.1 GPa, po l ye the r im ide  a modulus o f  2.9 GPa, and po lysu l fone  a modulus o f  
2.7 GPa. 
w i t h  expec ta t i on  and w i t h  the  Barcol  hardness values discussed i n  t h e  prev ious  
The h i g h  compression moduli  o f  t h e  program polymers i s  cons i s tan t  
sec t ions .  
S t ress  a t  p r o p o r t i o n a l  l i m i t  (end of Hookean e l a s t i c i t y )  i s  e x c e l l e n t  
f o r  a l l  t h r e e  polymers a t  room temperature. T h i s  value would be expected t o  
be impor tan t  i n  p r e d i c t i n g  compression f a t i g u e  p r o p e r t i e s  o f  t h e  candidate 
res ins .  The p r o p o r t i o n a l  l i m i t  s t r e s s  o f  t he  BTDA/BAC/m-PDA polymer i s  
somewhat lower than t h e  o the r  two polymers a t  room temperature b u t  i s  c l e a r l y  
s u p e r i o r  a t  93°C. 
Previous* compression p r o p e r t i e s  de terminat ion  by s t r a i n  gage on t h e  
BTDA/HDA/m-PDA polymer by Acurex a re  cons is ten t  w i t h  the  room temperature 
values r e p o r t e d  by Delsen. 
f o r  t h e  BTDA/HDA/m-PDA polymer a t  93°C i s  much h ighe r  than the  100 MPa value 
However, t h e  compression y i e l d  s t r e n g t h  o f  132 MPa 
measured p r e v i o u s l y  a t  82°C on t h i s  polymer. An increase i n  e leva ted  
temperature Barco l  hardness i s  a l s o  observed f o r  t he  composi t ion t e s t e d  i n  
Tab le  7 over p r e v i o u s l y  measured values, (See Table 1, e n t r i e s  8 and 8A.) 
T e n s i l e  P r o p e r t i e s  
Q u a l i t y  moldings were n o t  prepared from t h e  th ree  candidates as 
planned, because o f  t h e i r  marginal  f l o w  p roper t i es .  Due t o  schedule 
cons t ra in t s ,  polymer s e l e c t i o n  was made w i t h o u t  these values. Because o f  
t h e i r  h igh  i n h e r e n t  v i s c o s i t i e s  (-1.0 dl/gm), it i s  expected t h a t  a l l  t h r e e  
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polymers, i f  complete ly  molded, would have t e n s i l e  p r o p e r t i e s  equal t o  or 
b e t t e r  than those p r e v i  ous ly2 determi ned f o r  t he  BTDA/HDA/m-PDA polymer. 
F rac tu re  Toughness P r o p e r t i e s  
Mold ings sent  t o  NASA-Langley were sect ioned and K r c  values determined 
f o r  specimens i n  t h e  as-molded c o n d i t i o n  as w e l l  as specimens g iven the  
anneal ing schedule p r e v i o u s l y  described. These values are g iven i n  Table 8. 
G I ~  was es t imated  f rom compression moduli r e s u l t s  g iven i n  Table 7 and an 
assumed Poisson 's  r a t i o  o f  0.35 f o r  a l l  t h ree  polymers. 
The t h r e e  polymers show a s l i g h t  increase i n  K I ~  and G l c  values w i t h  
i n c r e a s i n g  Tg and decreas ing l i n e a r  a l i p h a t i c  weight  percent  content.  
t r e n d  i s  oppos i te  t o  expec ta t ion .  
Th is  
Relevant t o  program goals, the  values are 
acceptable.  
Dry- and Water-Boi led P r o p e r t i e s  
The t h r e e  polymers were subjected t o  thermal mechanical ana lys i s  (TMA) 
f o r  Tg de te rm ina t ion  and Tg s h i f t  due t o  mois ture exposure. 
measurements were used f o r  d ry  Tg de terminat ion  and f a i l u r e  temperature under 
compression l o a d  (FTUCL). (See Appendix A f o r  t he  e f f e c t  o f  mois ture on 24-hr 
water -bo i led  specimens. 1 These r e s u l t s  a re  presented i n  Table 9 w i t h  i nhe ren t  
v i s c o s i t y ,  Barco l  hardness, and 50-day ch lo ro fo rm weight -ga in values. The 
samples had nominal dimensions o f  0.2 cm X 0.6 cm X 0.6 cm. 
Expansion 
Expansion c o e f f i c i e n t  de termina t ion  on t h e  polymers by TMA was no t  
s t ra igh t fo rward .  Hea t ing  t h e  as-molded annealed samples t h e  f i r s t  t ime lead  
t o  shr inkage i n  t h e  xy dimensions w i t h  a corresponding growth i n  the  th ickness  
o r  z dimension. The c o o l i n g  curve was no t  superimposable on the  hea t ing  
curve. Several  reheats  o f  the  same specimen were r e q u i r e d  t o  o b t a i n  near 
superpos i t i on  of t h e  hea t ing  and c o o l i n g  curves and t o  b r i n g  the  g lassy 
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'able 8. Fracture energies of the three candidate polymers 




16 hr a t  192'C 
BTDA/ HDA/m-P DA 
As molded 
Heat t reated 
16 hr a t  166'C 
BTDA/ BAC/m- PDA 
As molded 
Heat t reated 








b G I 0  
J/m2 ( i n - l b / i n Z )  
1193 (7 .8 )  
1193 (7.8) 
1044 (6.81, ( 8 . l ) C  
1002 (6 .5 )  
1337 (8 .7 )  
1403 (9 .2 )  
acornpact tension prepared and tes ted by NASA Langley 
bVal ues calculated usi ng compression modul i from 
CValue calculated from t ens i l e  modulus obtained on 
Research Center 
Table 7 using G I ~  = K ~ ~ z / E ( l - v z )  
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expansion c o e f f i c i e n t  near the  Tg t o  about 1 /3  o f  the  value f o r  the  m e l t  
expansion c o e f f i c i e n t .  
F igu re  8 prov ides an example o f  the  behavior o f  the BTDA/BAC/m-PDA 
polymer on the  f i r s t  and f i f t h  hea t ing  and c o o l i n g  cyc les.  
1.1 percent  o f  i t s  weight  du r ing  the  f i r s t  th ree  cyc les  and 1.2 percent  o f  i t s  
th ickness.  




The polymer l o s t  
I t  l o s t  e s s e n t i a l l y  no weight  o r  th ickness  dur ing  t h e  f o u r t h  and 
S i m i l a r  behavior was observed f o r  both the  BTDA/BDA/m-PDA and 
F igu re  9 provl'des the l a s t  heat ing  cyc les  f o r  these 
Tg ' s  were obta ined from the  i n t e r c e p t  o f  the glassy and me l t  
Expansion c o e f f i c i e n t s  are g iven i n  the  f igures .  
FTUCL temperatures under the  0.3 MPa (450 p s i )  l oad  were determined on 
dry  and 24-hr water -bo i led  samples. The s h i f t ,  due t o  water b o i l ,  i n  a l l  
t h ree  polymers i s  about 30OC. The weight  gains f o r  t he  th ree  polymers i s  
between 1.6 and 1.8 percent  which i s  about a f a c t o r  o f  3 l e s s  than values 
obta ined w i t h  epoxy r e s i n  based on MY720.3 
F i f t y - d a y  ch lo ro fo rm absorp t ion  values are a l s o  prov ided i n  Table 9. 
The BTDA/HDA/m-PDA polymer which showed a weight  ga in o f  4.8 percent  i s  
s l i g h t l y  lower  than p r e v i o u s l y  observed; however, 1-hr heat t reatments a t  
316°C reduced these prev ious  values t o  about 2 percent  weight  gain. 
BTDA/BDA/m-PDA and BTDA/BAC/m-PDA polymers show about a t h r e e - f o l d  improvement 
over the  BTDA/HDA/m-PDA polymer i n  Table 9 w i t h  weight  gains o f  1.5 percent.  
The values prov ided i n  Table 9 suggest adequate performance f o r  a l l  t h ree  
polymers r e l e v a n t  t o  the  93°C wet performance sought i n  the  program. 
Stressed Solvent  Resistance Proper t i es  
Both the  
The th ree  candidates were immersed i n  d e i c i n g  f l u i d ,  hyd rau l i c  f l u i d ,  
and two p a i n t  s t r i p p e r s  under s t ress.  
w i t h  a smal l  f l e x u r a l  specimen which was clamped i n  a th ree -po in t  bend f i x t u r e  
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Figure 8. M A  curves f o r  BTDA/BAC/m-PDA polymer 
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Figure  9. M A  curves f o r  BTDA/BDA/m-PDA and BTDA/HDA/m-PDA polymers 
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t o  a 0.127 cm (0.047 i n )  d e f l e c t i o n  over a 3.81 cm ( 1  50 i n )  span. Th is  
d e f l e c t i o n  was c a l c u l a t e d  t o  produce a 34.5 MPa (5000 p s i )  t e n s i l e  s t ress  on 
t h e  t e n s i l e  s ide  o f  the t e s t  coupon f o r  a specimen wh ch was 0.203 cm 
(0.080 i n )  t h i c k  w i t h  a modulus o f  3.45 GPa (500,000 p s i ) .  The candidates had 
nominal th icknesses o f  0.215 cm (0.085 i n )  and moduli as i n d i c a t e d  i n  Table 7. 
Consequently, t e s t  specimen th ickness  and modulus var iance from the  design 
c o n d i t i o n  produced s l i g h t l y  h igher  or lower t e n s i l e  s t resses than the  
c a l c u l a t e d  34.5 MPa (5000 p s i )  value. 
The p a i n t  s t r i p p e r s  were o f  two types: a nonacid s t r i p p e r  (CEE BEE 
They were ob ta ined A-254) and an a c i d  s t r i p p e r  ( I n l a n d  Chemical AP-561A). 
f rom the  Un i ted  A i r l i n e s  r e p a i r  f a c i l i t y  a t  t he  San Francisco a i r p o r t  and a re  
i n  c u r r e n t  use. P lans are  t o  s lowly  conver t  t o  the  a c i d  s t r i p p e r  f o r  i t s  
g rea te r  a c c e p t a b i l i t y  f rom environmental  cons idera t ions  (employee heal th,  
d isposa l ,  e tc . ) .  
s p e c i f i c a t i o n s  f o r  use on t h e i r  respec t i ve  a i r c r a f t .  
thought  t o  be methylene ch lor ide-phenol  and methylene ch lo r i de - fo rm ic  acid.  
However, t he  l a t t e r  composition, upon evaporat ion,  has the  sweet odor o f  
phenol. The s t r i p p e r s  a re  used t o  remove the  urethane p a i n t  and the  epoxy 
pr imer  f rom aluminum. 
t o  p revent  exposure. U n i t e d  A i r l i n e s  c u r r e n t l y  removes p a i n t  f rom composites 
by hand sanding; however, a number o f  new methods are  be ing  i n v e s t i g a t e d  f o r  
t h i s  a p p l i c a t i o n ,  i.e., p l a s t i c  media b l a s t i n g .  
Both meet the  McDonnell Douglas C S D l  and Boeing D6-17487 
The composi t ions are 
Windows and composite wing f a i r i n g s  are no doubt masked 
The r e s u l t s  o f  the  s t ressed a i r c r a f t  f l u i d  and p a i n t  s t r i p p e r  t e s t s  a re  
g iven i n  Table 10. A l l  t h r e e  candidates passed the  30-day exposure t o  
h y d r a u l i c  and d e i c i n g  f l u i d s  based on a p a s s / f a i l  c r i t e r i o n .  A l l  t h ree  
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o r i g i n a l  f l a t  cond i t i on .  The 7-day recovery d e f l e c t i o n s  o f  a l l  specimens 
shows l e s s  than 0.0012 cm (0.005 i n )  o r  10 percent permanent d e f l e c t i o n .  
Exposure t o  b o t h  p a i n t  s t r i p p e r s  l e d  t o  f a i l u r e  of a l l  t h r e e  candidates 
i n  l e s s  than  16 hr.  
ch lo ro fo rm r e s i s t a n c e  o f  t h e  candidates. 
so l ven t  e f f e c t s  o f  phenol o r  f o r m i c  a c i d  w i t h  t h e  methylene c h l o r i d e .  
T h i s  r e s u l t  was unexpected, due t o  t h e  e x c e l l e n t  
It i s  l i k e l y  due t o  t h e  combined 
T h i s  r e s u l t  prompted c o l l e c t i o n  o f  polymer samples f rom a number o f  
S ince  these samples had composi t ions f o r  t e s t  i n  t h e  two p a i n t  s t r i p p e r s .  
v a r y i n g  weights, percent  weight gains o n l y  i n d i c a t e  r e s i s t a n c e  o r  a t t a c k  and 
do n o t  a l l o w  f o r  a comparison between composit ions. 
i n  t h e  s t ressed-so lvent  t e s t s  descr ibed above were a l l  c l o s e  t o  t h e  same 
dimensions. 
The t h r e e  polymers t e s t e d  
Resu l ts  o f  t h e  t e s t s  on t h e  c o l l e c t e d  samples a r e  g iven i n  Table 11. 
The b e s t  composi t ions a r e  e i t h e r  c r y s t a l l i n e  o r  c ross l inked.  
showed no weight g a i n  i n  t h e  16-hr tes ts .  
cyanate (NC) r e s i n O 4  Tes ts  were cont inued f o r  12 days f o r  samples which 
showed no su r face  a t t a c k  by t h e  p a i n t  s t r i p p e r s  i n  t h e  16-hr t e s t s .  The 
12-day exposed samplebs were t h e n  al lowed t o  stand ou t  under ambient c o n d i t i o n s  
t o  see i f  they  would r e t u r n  t o  t h e i r  o r i g i n a l  weights. 
presented i n  Tab le  12. 
One composi t ion 
I t was a h i g h l y  c r o s s l i n k e d  novolac 
These da ta  a r e  
It i s  concluded t h a t  s o l v a t i o n  d i f f e r e n c e s  between p a i n t  s t r i p p e r s  
e x i s t  and depend on t h e  s p e c i f i c  composi t ion o f  t h e  p a i n t  s t r i p p e r .  
12-day exposed Kapton f i l m  r e s u l t s  p o i n t  ou t  t h i s  d i f fe rence.  
Kapton a f t e r  16-hr  exposure i n  b o t h  p a i n t  s t r i p p e r s  showed we igh t  ga ins  o f  
about 30 percent  and no su r face  a t tack .  
l i q u i f i c a t i o n  o f  t h e  Kapton sample i n  t h e  nonacid p a i n t  s t r i p p e r  b u t  had no 
The 
Samples o f  
However, 12-day exposure l e d  t o  
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Table 11. Sixteen-hour unstressed we igh t  gains o f  various 
compositions i n  paint  s t r i p p e r s  
Composi t i ona  
a O D A  = 1,8-octanediamine 
PBI = polybenzimidazole 
TAB = 3,3' ,4,4'-tetraaminobiphenyl 
PMDA = pyromel l i t i c  dianhydride 
NMA = methylnadic anhydride 
DDS = 4,4'-diaminodiphenyl sulfone 
NC = novolac cyanate 




As molded, annealed 
After 1 hr a t  316°C 
BTDA/HDA/m-PDA 
As molded, annealed 
After  1 hr a t  316°C 
BTDA/ BAC/m-PDA 
As molded, annealed 
After  1 hr a t  316°C 
P r i o r  program resins 
BTD A/O D A/ m- P D A 
PBI from TAB w i t h  
s ebac ic  a c i d  
PMD A/O D A 
Miscellaneous thermoplast ics  
Kapton 
U1 tern 
Mi scel laneous thermosets 
EPON 828/NMA 
DG A/ Ton ox 
MY720/DDS 
NC 
M i  scel  laneous composites 
Ry t o  n /  car bon 
Pee k/carbon 
Nonacid 






































~~ ~~ ~~~~ ~~~ ~~ ~~~ 
Tab1 e 12. Twel ve-day unstressed wei ght gal  ns o f  composi t ions i n pa i  n t  
s t  r i  ppers 
Nonacid P a i n t  S t r i p p e r  Composi t i  ona Ac id  P a i n t  S t r i p p e r  
BTDA/ BDA/m-PDA 
( a f t e r  1 h r  a t  316'C) 
PMDA/ODA 
Kapton 
M Y  720/DDS 
NC 
Ry t o n /c a r bo n 
Peek/carbon 
BTDA/ BDA/m-PDA 





Ry t o n  / ca r bon 
Peek/carbon 
















Weight Gain A f t e r  2 days a t  








aODA = 1,8-octanediamine 
P B I  = polybenzimidazole 
TAB = 3,3' ,4,4' - t e t  raami nobi  phenyl 
PMDA = pyromel l  i t i c  d ianhydr ide  
NMA = methylnadic anhydr ide 
DDS = 4,4'-diami nodi  phenyl sul fone 
NC = novolac cyanate 









f u r t h e r  i n f l u e n c e  on t h e  sample i n  the  ac id  s t r i p p e r .  The term l i q u i f i c a t i o n  
means the  sample l o s t  i t s  dimensions bu t  d i d  no t  dissolve.  
Relevant t o  program goals, t h e  t h r e e  polymers demonstrated good 
r e s i s t a n c e  t o  h y d r a u l i c  and d e i c i n g  f l u i d s  and chloroform. 
e f f o r t s  suggest t h a t  res i s tance  t o  acetone w i l l  be even b e t t e r  than t h e  
ch lo ro fo rm res is tance.  Short  t ime exposure ( 1  t o  2 h r )  t o  p a i n t  s t r i p p e r s  
which con ta in  a combination of c h l o r i n a t e d  and a c i d i c  so lvents  may be 
acceptable b u t  ove rn igh t  exposure must no t  occur. 
I n  view o f  t h e  2-day recovery t e s t  r e s u l t s  i n d i c a t e d  i n  Table 12 which 
P r i o r  program 
show t h e  presence of res idua l  p a i n t  s t r i p p e r  i n  most o f  the  polymers, it can 
be concluded t h a t  p a i n t  s t r i p p e r s  should not be used on c ross l i nked  or  
c r y s t a l  l i n e  polymers w i thou t  p r i o r  ex tens ive  t e s t i n g .  S t r u c t u r a l  composites 
should show 100 percent recovery o f  p r o p e r t i e s  a f t e r  i n t e n t i o n a l  o r  acc iden ta l  
exposure t o  a i r c r a f t  f l u i d s  and p a i n t  s t r i ppe rs .  Pa in t  s t r i p p e r  r e f o r m u l a t i o n  
i s  probably requ i red  t o  achieve t h i s  goal. 
3.1.5 Se lec t i on  
The BTDA/BDA/m-PDA and BTDA/BAC/m-PDA polymers are super io r  t o  the  
BTDA/HDA/m-PDA polymer i n  compression p r o p e r t i e s  and res i s tance  t o  p a i n t  
s t r i p p e r .  
same w i thou t  c l e a r  b e n e f i t  f o r  use o f  one over t h e  o the r  two. The 
BTDA/BDA/m-PDA polymer i s  s l i g h t l y  more r e s i s t a n t  t o  p a i n t  s t r i p p e r  than t h e  
BTDA/BAC/m-PDA polymer, p a r t i c u l a r l y  a f t e r  1-hr heat t reatment a t  316OC. The 
BTDA/BDA/m-PDA polymer i s  l e s s  moldable than t h e  BTDA/BAC/m-PDA polymer . This 
m o l d a b i l i t y  r a t i n g  i s  s u b j e c t i v e  and based on a seemingly b e t t e r  a b i l i t y  o f  
t h e  BTDA/BAC/m-PDA polymer t o  g i ve  t h i  n moldings than t h e  BTDA/BDA/m-PDA 
The remainder o f  t h e  t e s t s  show the  t h r e e  polymers t o  be about the  
polymer. 
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The polymers used f o r  t he  c h a r a c t e r i z a t i o n  t e s t s  had inhe ren t  
v i s c o s i t i e s  c lose  t o  1 d l / g  i n  c reso l .  As demonstrated i n  subsequent sec t ions  
o f  t h i s  repor t ,  t h e  poor m o l d a b i l i t y  o f  t he  t h r e e  candidates a t  low pressure 
was due t o  t h e i r  h igh  molecular weight. 
w i t h  t h e  c h a r a c t e r i z a t i o n  t e s t s ,  t h e  BTDA/BAC/m-PDA polymer was recommended 
f o r  t h e  molecul ar-wei ght/mel t f l o w  op t im i  z a t i o n  studies.  
3.2 MOLECULAR WEIGHT/MELT FLOW OPTIMIZATION STUDIES 
Based on t h i s  premise i n  combination 
The o b j e c t i v e  o f  t h i s  e f f o r t  was t o  inc rease f low p r o p e r t i e s  o f  t h e  
se lec ted  polymer by c o n t r o l l i n g  ( reduc ing)  i t s  mo lecu la r  weight. 
S t o i c h i o m e t r i c  imbalance (excess BTDA) and end capping w i t h  p h t h a l i c  anhydride 
were i nves t i ga ted .  As a p o i n t  of reference which assumes complete r e a c t i o n  
(which i s  no t  l i k e l y  f o r  second-order po lymer iza t ions) ,  t h e  BTDA/BAC/m-PDA 
polymer w i t h  a 10,200 MW would r e s u l t  from an amine s to i ch iomet ry  o f  
96.0 percent (DP = 49) and a polymer w i t h  a 20,400 MW would r e s u l t  from an 
amine s t o i c h i o m e t r y  o f  98.0 percent (DP = 99). 
The polymer from BTDA w i t h  BAC and m-PDA was se lec ted  f o r  i n v e s t i g a t i o n  
w i t h  NASA's verba l  approval obtained on 7/9/86. Molecular-weight t a i l o r i n g  
e f f o r t s  demonstrated t h a t  t h e  BTDA/BAC/m-PDA polymer had very l i m i t e d  
p o t e n t i a l  t o  p rov ide  low-molecular-weight polymers w i t h  t h e  des i red  f l o w  
p roper t i es .  
groups i n  t h e  m-PDA, t h e  r e s u l t i n g  polymers were produced i n  both low and h igh  
molecu la r  weights w i t h  f l o w  p r o p e r t i e s  as expected. Telecom w i t h  t h e  NASA 
t e c h n i c a l  r e p r e s e n t a t i v e  on 12/1/86 l ead  t o  verbal  approval t o  proceed w i t h  
s u b s t i t u t i o n  of t h e  m-PDA i n  t h e  BTDA/BAC/m-PDA polymer w i t h  
2,4-diaminotoluene (2,4-DAT). The balance of work i n  t h e  program was c a r r i e d  
ou t  w i t h  t h e  BTDA/BAC/2,4-DAT poly imide. 
When a methyl group i s  placed o r tho  t o  one o r  both o f  t h e  amine 
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3.2.1 Flow P r o p e r t i e s  
Op t im iz ing  t h e  f l ow  p r o p e r t i e s  o f  t he  se lec ted  polymer r e q u i r e d  a f l ow  
t e s t  be used t o  mon i to r  progress o f  these e f f o r t s .  Three t e s t s  were conducted 
on the  d i f f e r e n t  molecular-weight l e v e l s  o f  the  polymer i nves t i ga ted .  
Mo ld ing  Tests 
T h i s  t e s t  was descr ibed i n  Sec t ion  3.1.2. For  the  molecular-weight 
t a i l o r i n g  e f f o r t s ,  t h e  pressure was reduced from 6.9 MPa (1000 p s i )  t o  
1.45 MPa (210 p s i ) .  The 5.07 cm2 ( 1  in21 mold was loaded w i t h  0.5g f i b r o u s  
polymers a t  a 45" angle as p r e v i o u s l y  described. Completely molded specimens 
would have an a rea l  we igh t  o f  0.1 g/cm2. A l l  t e s t s  were conducted f o r  30 min 
a t  303OC. 
TMA Flow Test 
The developed TMA f l o w  t e s t  i s  a pene t ra t i on  t e s t  wherein a sample i s  
p laced under a weighted probe and subsequently heated. The r e s u l t i n g  curves 
a r e  normal ized t o  100 percent  pene t ra t i on  t o  a l l o w  samples o f  va ry ing  
th icknesses  t o  be compared. F u r t h e r  d e s c r i p t i o n  o f  t h i s  technique i s  p rov ided 
i n  Appendix B. Unless o therw ise  noted, f l o w  curves given i n  t h i s  sec t i on  o f  
t h e  r e p o r t  were conducted a t  0.20 MPa (28 p s i ) .  
Press Flow Tes t  
Acurex compares the  me l t  f l o w  p r o p e r t i e s  o f  r e s i n s  by p l a c i n g  a weighed 
sample i n  a press equipped w i t h  an accumulator which a p p l i e s  a cons tan t  f o r c e  
t o  t h e  sample. The area o f  t he  r e s u l t i n g  d i sk  obtained a f t e r  a p resc r ibed  
t ime  i s  r e l a t e d  t o  t h e  m e l t  v i s c o s i t y  o f  t he  polymer, 
c a l i b r a t a b l e .  F i g u r e  10 shows t h e  areas o f  0.5g d i s k s  o f  po l ysu l fone  (UDEL 
P1700) and po lye ther im ide  (ULTEM P1000) pressed f o r  5 min w i t h  95 Kg (210 l b )  
f o r c e  a t  t he  i n d i c a t e d  temperatures. I nhe ren t  v i s c o s i t i e s  o f  t h e  two polymers 
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Figure  10. Press f low areas of polysulfone and polyetherimide 
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i n  c reso l  were 0.488 and 0.543 d l /g ,  respec t i ve l y .  
were 187" and 217"C, r e s p e c t i v e l y  (DSC i n f l e c t i o n  p o i n t s ) .  
3.2.2 BTDA/BAC/m-PDA Polymer 
The Tg's o f  the  polymers 
Experiments w i t h  both p h t h a l i c  anhydr ide end-capped and imbalanced 
s to i ch iomet ry  were c a r r i e d  ou t  on the  t i t l e  polymer. 
s t o i c h i o m e t r i e s  o f  l e s s  than 99.0 percent, opac i t y  developed du r ing  the  
polymer izat ions.  
s to ich iomet ry .  That i s ,  reac t i ons  w i t h  on ly  95 percent  o f  t he  amine have more 
Wi th both approaches, a t  
The degree o f  opac i t y  i s  d i r e c t l y  r e l a t e d  t o  the  
opac i t y  than h igher  amine percentages. B r i e f  t reatment  o f  t he  opaque polymers 
a t  429°C r e s u l t e d  i n  v o l a t i l e  l oss  (foaming) and a c l e a r  polymer. Opaci ty  was 
e v e n t u a l l y  t raced  t o  t h e  " c r y s t a l  1 i n e "  nature o f  the  in te rmed ia tes  formed, 
Th is  i s  discussed i n  some d e t a i l  i n  Appendix C and summarized below. 
End-capping exper iments w i t h  p h t h a l i c  anhydr ide (PA) a t  97.5 percent  
BTDA s to i ch iomet ry  (BTDA = 0.975 mole, amines = 1.000 mole, PA = 0.050 mole) 
l e a d  t o  on ly  one polymer w i t h  e x c e l l e n t  f low proper t ies .  
of  t h i s  polymer are compared t o  the  f l ow  p r o p e r t i e s  o f  po lye ther im ide  i n  
F igu re  11. 
BTDA/BAC/m-PDA polymer were 0.086 MPa (12.5 p s i ) ,  0.20 MPa (28 p s i ) ,  and 
0.90 MPa (130 p s i ) .  
pressures were used. 
b r i t t l e ,  i t s  f l ow  p r o p e r t i e s  were cons is ten t  w i t h  program goals:  
The f l ow  p r o p e r t i e s  
Flow pressures used f o r  the  th ree  f low curves f o r  t h e  
For  the  polyether imide,  on ly  the  0.086 MPa and 0.90 MPa 
A 1  though the  BTDA/BAC/m-PDA polymer was somewhat 
a polymer 
which f lowed a t  low pressure. The f low p r o p e r t i e s  o f  t h i s  polymer were i n  
d i s t i n c t  c o n t r a s t  t o  o the r  97.5 percent  s t o i c h i o m e t r i c  composi t ions descr ibed 
i n  Appendix C and t h e  100 percent  s t o i c h i o m e t r i c  composi t ion descr ibed i n  
Appendix B. The polymer w i t h  the  des i red  f l ow  p r o p e r t i e s  was i s o l a t e d  from a 

















( a )  BTDA/BAC/m-PDA polymer 
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Figure 11. Comparison o f  t h e  f l o w  proper t ies  o f  t h e  BTDA/BAC/m-PDA polymer 
t o  polyetherimide 
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Polymers i s o l a t e d  by evapora t ion  o f  the  c reso l  e x h i b i t  an endotherm a t  
about 350°C and f l o w  p r o p e r t i e s  rep resen t ing  t h e  presence o f  c r y s t a l l i n i t y .  
I t  was known t h a t  t h i s  behavior i s  a t t r i b u t a b l e  t o  the  BTDA/m-PDA/BTDA 
segments i n  t h e  polymer s ince  the  BTDA/BAC polymer d i d  n o t  e x h i b i t  a 
high-temperature endotherm. The program approach d i c t a t e d  t h a t  good f l o w  
p r o p e r t i e s  must be e x h i b i t e d  by the  polymer a f t e r  evapora t ion  o f  a s u i t a b l e  
p repregg i  ng s o l  vent. 
Consequently, t he  syn thes is  o f  c l e a r  polymers which d i d  n o t  have a 
high-temperature endotherm were requ i red  be fo re  t h e  molecular w e i g h t h e l t  f l ow  
p r o p e r t i e s  would be optimum. E f f o r t s  then focused on t h i s  aspect o f  the  
end-capping e f f o r t s .  
I t  was found t h a t  when BTDA i s  condensed w i t h  an aromat ic diamine a t  a 
2 t o  1 s to i ch iomet ry  a t  15 percent s o l i d s  i n  c reso l ,  bo th  c r y s t a l l i n e  and 
amorphous adducts can be obtained, When the  aromat ic diamine i s  m-PDA, a 
p r e c i p i t a t e  i s  formed a f t e r  on l y  a few minutes r e a c t i o n  a t  180°C. 
4,4'-methylenediani 1 i ne, a c l e a r  s o l u t i o n  i s  obtained; however ,upon c reso l  
evaporat ion,  an opaque s o l i d  i s  obtained. When e i t h e r  2,6- o r  
2,4-diaminotoluene i s  condensed w i t h  the  BTDA, evapora t ion  o f  t h e  c reso l  a t  
180°C from the  c l e a r  s o l u t i o n  leads  t o  c l e a r  amorphous adducts. 
With 
A 96 percent amine s t o i c h i o m e t r i c  BTDA/BAC/2,4-DAT polymer was c l e a r  
upon evapora t ion  o f  t h e  c reso l  f rom t h e  r e a c t i o n  mixture.  I n  add i t i on ,  t he  
1-hr a t  329°C t r e a t e d  sample showed no high-temperature endotherm. 
3.2.3 BTDA/BAC/2 ,4-DAT Polymers 
Clear, amorphous BTDA/BAC/2,4-DAT polymers were ob ta ined from 90, 96, 
97, 97.5, 98, 98.5, and 100 percent s to i ch iomet r i es .  TMA f l o w  curves, I V s ,  
and o the r  p r o p e r t i e s  o f  these polymers, as w e l l  as blends o f  se lec ted  
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Figure 12. TMA flow curves of BTDA/BAC/2,4-DAT polymers 
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curves, I V s ,  and o the r  p r o p e r t i e s  o f  the  BTDA/HDA/2,4-DAT polymers are g iven 
i n  F igure  14 and Table 15. Press f l ow  areas determined a t  327 and 377°C are  
i n d i c a t e d  i n  some o f  the  f i gu res .  For  a re fe rence p o i n t  i n  each o f  t he  th ree  
f i gu res ,  t h e  TMA f l ow  curve o f  po lye ther im ide  has been inc luded  (dashed l i n e ) .  
F igu re  15 p rov ides  a p l o t  o f  the  i nhe ren t  v i s c o s i t i e s  o f  d i f f e r e n t  molecular  
we igh t  l e v e l s  and polymer blends o f  t he  BTDA/BAC/2,4-DAT and the  
BTDA/HDA/2,4-DAT polymer. The r e l a t i o n s h i p  i n d i c a t e d  i n  F igu re  15 shows t h a t  
t h e  i nhe ren t  v i s c o s i t i e s  o f  t h e  BTDA/BAC/2,4-DAT polymers are d i r e c t l y  r e l a t e d  
t o  t h e  polymer 's f l ow  p r o p e r t i e s  as measured by the TMA f low t e s t  a t  0.20 MPa 
(28 p s i )  pressure. A one-tenth increase i n  i nhe ren t  v i s c o s i t y  value leads t o  
about a 30°C increase i n  the  50 percent  f low temperature. Normal iz ing  t h e  
50 percent  f l o w  temperature by s u b t r a c t i n g  the  Tg from the  50 percent  f l ow  
temperature prov ides  the  r e s u l t s  g iven i n  F igure  16. The normal ized data f o r  
t h e  two polymers show t h a t  Tg values e s s e n t i a l l y  account f o r  t h e  d i f f e r e n c e s  
observed i n  t h e  50 percent  f l o w  temperatures f o r  t h e  two composi t ions i n  
F igu re  15. Thus, f o r  a g iven inhe ren t  v i s c o s i t y  polymer, t he  50 percent  TMA 
f l ow  temperature can be es t imated i f  the  polymers' Tg i s  known. 
The normal ized values f o r  po lysu l fone,  po lyether imide,  and blends o f  
BTDA/2,4-DAT/BAC and HDA polymers have been added t o  F igure  16. The 
50 percent  TMA f l o w  temperatures f o r  these polymers i s  l e s s  than 50°C above 
t h e i r  Tgs b u t  should be about 90'C above t h e i r  Tgs t o  f i t  w i t h i n  the  data f o r  
t h e  BTDA/2,4-DAT/al i p h a t  i c d i  ami ne polymers. 
The press f l o w  method o f  c h a r a c t e r i z i n g  the  f low p r o p e r t i e s  o f  t h e  
polymers shows t h a t  po l ysu l fone  and po lye ther im ide  are  approx imate ly  equal t o  
t h e  f l o w  p r o p e r t i e s  o f  t h e  BTDA/HDA/2,4-DAT polymers. Flow p r o p e r t i e s  
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Figure  17. 
polymers a t  bo th  temperatures as expected. 
The BTDA/BAC/2,4-DAT polymers f l ow  l e s s  than t h e  BTDA/HDA/2,4-DAT 
I n t e r p r e t a t i o n  o f  e i t h e r  f l ow  t e s t  r e l e v a n t  t o  o b t a i n i n g  q u a l i t y  
composites was needed a t  t h i s  juncture.  Thus, i f  a 5 o r  10 cm2 press f l o w  
area was r e q u i r e d  t o  process prepregs a t  100 p s i  then an i n h e r e n t  v i s c o s i t y  
and temperature cou ld  be spec i f i ed .  S i m i l a r  reasoning a p p l i e s  t o  t h e  TMA f l o w  
t e s t .  The two f l ows  are  r e l a t e d .  T h i s  i s  seen i n  F igures  12 through 14 where 
between a 5 t o  10 cm2 press f l o w  area was obtained on t h e  polymers a t  
approximately t h e  50 percent TMA f l ow  temperature. 
Acurex-developed u n i d i r e c t i o n a l  po lysu l fone,  carbon f i b e r  prepregs from 
t h e  e a r l y  1970s prov ide  t h e  f o l l o w i n g  c o n s o l i d a t i o n  s p e c i f i c a t i o n s .  
260"C, 0.69 MPa, 5 min f o r  f l a t  composites 
287"C, 1.04 MPa, 5 min f o r  deep draw, 0.25-cm-thick c ross -p l i ed  
stock 
The i n d i c a t e d  process ing  temperatures a re  seen from F igu re  10 t o  be 
e q u i v a l e n t  t o  about 9.0 and 12 cm2 press f l o w  areas a t  1.45 MPa and can be 
used as t h e  bas i s  o f  s e l e c t i o n  f o r  processing t h e  candidate composit ions. 
Resu l t s  presented i n  F igu re  17 show t h a t  a BTDA/BAC/ZS4-DAT polymer w i t h  an I V  
o f  0.5 d l / g  would have a press f low area o f  10 cm* a t  377°C. 
s e l e c t i o n  o f  a polymer w i t h  an IV o f  0.55 d l / g  f o r  a good balance between 
toughness and p r o c e s s a b i l i t y  was recommended t o  NASA. 
BTDA/BAC/2,4-DAT and BTDA/HDA/2,4-DAT po ly imides  would have b e t t e r  f l ow  
p roper t i es ,  t h e  l o s s  i n  Barco l  hardness discussed i n  the  nex t  s e c t i o n  d i d  n o t  
seem t o  j u s t i f y  t h i s  se lec t i on .  
3.2.4 Barcol  Hardness T e s t i n g  o f  Polymers 
I n i t i a l  
Al though blends o f  t h e  
Barcol  hardness o f  se lec ted  moldings were measured a t  room temperature, 
93°C and 140°C. These values are  tabu la ted  i n  Table 16. The values f o r  t he  
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I nhe ren t  v i  scosi  t y  
BTDA/HDA/2,4-DAT Polymers 
BTDA/BAC 2,4-DAT Polymers 
X Blends o f  .127 w i t h  .735 I V  Polymers 
0 Blends o f  .321 w i t h  .735 I V  Polymers 
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327°C t e s t  temperature 
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I nhe ren t  v i s c o s i t y  
F igu re  17. Inherent  v i s c o s i t y  -- press f l o w  r e l a t i o n s h i p  
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‘t 
Polysul  fone 
Pol y e t h e r  imide 
Table 16. Glass t r a n s i t i o n  temperature and Barcol  hardness o f  
molded polymers 
-- 
Number Polymer Composition 
Polysul  f one 
Polyether imide 
BTDA/BAC/2,4-DAT 




BTD A/ HD A/ 2,4-DAT 







60% BTDA/HDA/2 ,4-DATb 
a0.336 I V  polymer 
b0.736 I V  polymer 














































poly imides w i t h  2,4-DAT a r e  very s i m i l a r  t o  the  values p rev ious l y  obta ined 
w i t h  m-PDA i n  Table 1. The blends o f  the  BTDA/2,4-DAT/HDA and BAC polymers 
show values i n te rmed ia te  between the  two parent  polymers and are  c lose  t o  t h e  
values ob ta ined on t h e  BTDA/BDA/m-PDA polymer i n  Table 1. 
3.3 COMPOSITE PROPERTIES AND SELECTION OF THE FINAL POLY I M I D E  COMPOSITION 
Carbon f a b r i c  composites were f a b r i c a t e d  from the  BTDA/HDA/2,4-DAT, 
BTDA/BAC/2,4-DAT, and t h e  BTDA/HDA/BAC/2,4-DAT poly imides. F l e x u r a l  s t rengths  
and modul i  and shear s t reng ths  o f  t he  composites a re  l i s t e d  i n  Table 17. 
F i n a l  prepreg d r y i n g  cond i t ions ,  composite molding cond i t ions ,  and the  
Tgs o f  the  molded r e s i n s  a re  prov ided i n  Table 18. The carbon f a b r i c  used i n  
t h e  composites was C e l i o n  3000 (24 x 231, e i g h t  harness s a t i n  weave. The 
epoxy compat ib le  s i z e  was removed w i t h  methylene c h l o r i d e  p r i o r  t o  
impregnat ion.  
20-percent-so l ids varn ishes t o  t h e  carbon f a b r i c  on Tef lon-coated g lass  t o  
g i v e  a f i n a l  r e s i n  volume ( w i t h o u t  c r e s o l )  o f  40 percent. Cresol  removal 
occurred by 20-hr t rea tment  a t  100°C i n  an a i r  c i r c u l a t i n g  oven. 
i n  t h e  oven, t h e  prepreg was tu rned over. Th i s  t reatment  was fo l lowed by 
0.5-hr t rea tment  a t  180°C. F i n a l  prepreg d r y i n g  c o r r e l a t i o n s  used f o r  t h e  
composites a re  l i s t e d  i n  Table 18. 
Impregnat ion occurred by the a l l -a t -once a d d i t i o n  o f  t he  
A f t e r  4 hr  
Wi th complete c r e s o l  removal, t he  c a l c u l a t e d  th ickness  f o r  
60-volume-percent f i b e r ,  zero-void, and 7-p ly  composites i s  0.25 cm (0.10 i n ) .  
Since t h e  r e s i n  s o l u t i o n s  had been added t o  the  f a b r i c  t o  p rov ide  t h i s  f i b e r  
volume, a l l  o f  t h e  composites were molded i n  a i r  t o  0.25-cm stops a t  l e s s  than 
6.9 MPa pressure and a t  t h e  temperatures i n d i c a t e d  i n  Table 18. 
The mechanical s t rengths  o f  t he  composites f rom BTDA/2,4-DAT and HDA o r  
HDA and BAC a re  e x c e l l e n t  a t  bo th  room temperature and 93°C. The 698+ MPa 
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Table 17. Carbon f a b r i c  composite p r o p e r t i e s  o f  po ly imide  composit ions 
F l e x u r a l  P roper t i esa  
S t reng ths  
MPa(ksi)/Modulus, GPa(msi) 
Test Tempera t u r e  
("C) 
Short  Beamb 
Shear S t ren  th ,  
MPa( k s i  7 
Test Temperature 
("C) 






















724 ( 105)/53 (7.7) 
-- 
462 ( 67)/59 (8.5) 
765( 111)/54( 7.8) 
765(111)/56(8.1) 
aASTM D790-84as 2 specimens per t e s t  
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(loo+ k s i )  f l e x u r a l  s t rengths  a t  93°C are  a s i g n i f i c a n t  improvement over t h e  
551 MPa (80 k s i )  f l e x u r a l  s t r e n g t h  p rev ious l y  obtained a t  82°C on t h e  
BTDA/HDA/m-PDA composi te.2 Th is  s t r e n g t h  improvement i s  c l e a r l y  due t o  a 
change i n  f a i l u r e  modes. The 698+ MPa f a i l u r e s  occurred on t h e  compression 
s ide  o f  t he  specimen w i t h  f r a c t u r e  o f  i n d i v i d u a l  f i b e r  tows. 
f a i l u r e  a l s o  occurred on t h e  compression s ide  o f  t he  t e s t  specimen, however, 
f i b e r  tows were pushed away from t h e  specimen sur face  and were n o t  f rac tu red .  
T h i s  change i n  f a i l u r e  modes i s  probably due t o  d i f f e r e n c e s  i n  t h e  
mechanical p r o p e r t i e s  o f  t he  polymers. Although t h e  s u b s t i t u t i o n  o f  m-PDA 
w i t h  2,4-DAT may p l a y  a r o l e  ( r e s t r i c t e d  r o t a t i o n  around t h e  C-N bond due t o  
t h e  presence o f  t h e  - o-methyl group), t he  e leva ted  temperature compression 
y i e l d  s t reng ths  were h ighe r  f o r  t he  BTDA/HDA/m-PDA polymer when prepared from 
t h e  Chriskev BTDA than the  G u l f  BTDA. 
s t r e n g t h  i s  discussed i n  Sec t ion  3.1.4. 
The 551 MPa 
Th is  d i f f e r e n c e  i n  compression y i e l d  
The inc rease  f l e x u r a l  p r o p e r t i e s  observed from room t o  e leva ted  
temperature t e s t i n g  i s  c o n t r a r y  t o  expectat ion.  
r e l a t e d  t o  thermal s t r e s s  r e l i e f  a t  93°C o f  r e s i d u a l  cooldown s t resses  i n  the  
as-prepared composites. 
w i t h  e leva ted  temperature t e s t i n g  i s  no t  ser ious  and shows an improvement over 
t h e  22 and 42 percent  s t r e n g t h  r e d u c t i o n  ob ta ined i n  the  BTDA/HDA/m-PDA r e s i n  
sy s tem. 2 
T h i s  inc rease i s  no doubt 
The 10- t o  15-percent decrease i n  shear s t reng ths  
Photomicrographs o f  a l l  o f  t he  composites showed t h a t  e x c e l l e n t  f l o w  
had occurred d u r i n g  molding. 
however, t he  composite w i t h  t h e  BTDA/BAC/2 ,4-DAT m a t r i x  showed numerous 
microcracks i n  t h e  m a t r i x  due t o  t h e  mismatched c o e f f i c i e n t s  o f  c o n t r a c t i o n  o f  
t h e  f i b e r  and t h e  res in .  The microcracked m a t r i x  i s  respons ib le  f o r  t h e  low 
composite s t rengths  seen f o r  t h i s  r e s i n  system i n  Table 17. 
A l l  o f  t he  composites showed zero  v o i d  contents, 
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A 
p r i o r  t o  
though t h e  BTDA/BAC/2,4-DAT r e s i n  system had been recommended t o  NASA 
composite t e s t i n g  f o r  scale-up, i n  view o f  i t s  poor composite 
p r o p e r t i e s  i t  was subsequently recommended t h a t  t he  BTDA/HDA/BAC/2,4-DAT 
po ly im ide  be sca led  up. It i s  not  c l e a r  why the  BTDA/BAC/2,4-DAT poly imide 
m i  c rocracked when t e s t e d  as a composite mat r i  x, however, i t s  h igher  prepreg 
d r y i n g  temperatures and composite molding temperatures appear t o  be 
imp l i ca ted .  
b r i t t l e n e s s  i s  increased by prepreg s tag ing  i n  a i r  versus n i t rogen  a t  
temperatures as low as 288OC (55OOF). Thus, minimum d r y i n g  cy les  a t  e levated 
temperatures appear t o  be i n d i c a t e d  u n t i l  f u r t h e r  e f f o r t s  e l u c i d a t e  the  
cause(s) of m a t r i x  microcrack ing.  Ant iox idants  may be needed. 
It was a l so  learned du r ing  the  above composite e f f o r t s  t h a t  r e s i n  
3.4 SCALE-UP AND PROPERTIES OF THE SELECTED POLYMER 
Synthes is  o f  4 kg of t h e  se lec ted  polymer, BTDA/HDA/BAC/2,4-DAT was 
requ i red  f o r  neat r e s i n  p roper ty  de terminat ion  and t r a n s m i t t a l  o f  3.6 kg as a 
20 percent  s o l i d s  s o l u t i o n  t o  NASA. 
v i s c o s i t y  of 33.8 Pa*s a t  25OC i n  c reso l  a t  20 percent so l i ds .  
Table 18.) 
The se lected polymer had a B r o o k f i e l d  
(See 
The nominal molar f r a c t i o n s  of t h e  monomers i n  the  BTDA/HDA/BAC/2,4-DAT 
polymer are: BTDA a t  0.5, HDA a t  0.125, BAC a t  0.125, and 2,4-DAT a t  0.25. 
End capping i s  accomplished w i t h  PA and the  f i n a l  s to i ch iomet ry  conta ins 
0.5 percent  excess anhydrides. For  example, synthes is  o f  t he  
BTDA/HDA/BAC/2,4-DAT polymer based on 1.00 mole of t o t a l  amines a t  99 percent 
s to i ch iomet ry  used 0.99 mole BTDA (99 percent) ,  0.03 mole PA (1.5 percent )  
and 1.00 mole amines (100 percent) .  
Scale-up was r e a d i l y  accomplished by a 20- fo ld  m u l t i p l i c a t i o n  o f  t he  
0.3-mole syn thes is  which prov ided t h e  composite p r o p e r t i e s  given i n  Table 17. 
The procedure i s  o u t l i n e d  below and f u r t h e r  d e t a i l s  are given i n  Sect ion 5. 
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, 
The BAC was d i s t i l l e d  and the  remainder o f  t he  i n g r e d i e n t s  were used i n  the  
as-received cond i t ion .  
175°C j u s t  p r i o r  t o  use. 
22 1 f l a s k  fo l l owed  by a d d i t i o n  o f  bo th  a l i p h a t i c  diamines. 
was added a t  room temperature t o  the  s t i r r i n g  c reso l  s o l u t i o n  o f  t h e  amines. 
A f t e r  30 min reac t i on ,  t h e  aromat ic amine and t h e  remainder o f  t he  c reso l  were 
added. The r e a c t i o n  was heated t o  183°C w i t h  s t i r r i n g  and it was cont inued 
f o r  24 hr. Upon c o o l i n g  t o  approximately 1OO"C, t he  s o l u t i o n  was made up t o  
20 percent s o l i d s  by t h e  a d d i t i o n  o f  f r e s h  cresol .  Samples were removed f o r  
B r o o k f i e l d  v i s c o s i t y  determinat ion.  The 99.0 percent s t o i c h i o m e t r i c  r e a c t i o n  
was determined t o  have a v i s c o s i t y  o f  71.5 Pa-s a t  25OC. 
The BTDA was d r i e d  ove rn igh t  under h igh  vacuum a t  
A p o r t i o n  o f  t he  c reso l  was added t o  a preweighed 
The powdered BTDA 
A second r e a c t i o n  a t  97.8 percent s to i ch iomet ry  produced a polymer 
s o l u t i o n  w i t h  a v i s c o s i t y  o f  15.4 Pa-s a t  25°C. 
Semilog e x t r a p o l a t i o n  o f  t he  two s o l u t i o n  v i s c o s i t i e s  showed t h a t  a 
50/50-weight-percent b lend o f  t h e  two polymer s o l u t i o n s  would produce a 
s o l u t i o n  w i t h  a v i s c o s i t y  o f  33.0 Paos a t  25OC. B lend ing  fo l l owed  by s t i r r i n g  
and warming t o  approximately 90°C produced t h r e e  12 1 con ta ine rs  which had 
s o l u t i o n  v i s c o s i t i e s  o f  35.1, 34.1, and 34.8 Pa-s. The m a j o r i t y  o f  t h e  
polymer s o l u t i o n  (4.95 kg  o f  polymer) was shipped t o  NASA on August 25, 1987. 
The balance o f  t h e  s o l u t i o n  b lend was d i l u t e d  t o  10 percent  s o l i d s  w i t h  
T h i s  ch lo ro fo rm and i s o l a t e d  w i t h  methanol t o  produce 577g o f  polymer. 
polymer was molded a t  343°C t o  produce t h e  severa l  moldings r e q u i r e d  f o r  
p r o p e r t y  determinat ions.  
below t h e  Tg o f  t h e  polymer). 
The moldings were annealed f o r  24 h r  a t  200°C (30°C 
P r o p e r t i e s  o f  t h e  neat molded BTDA/HDA/BAC/2.4-DAT polymer a re  l i s t e d  
i n  Tables 19 and 20. The p r o p e r t i e s  seen i n  Table 19 f o r  t h e  se lec ted  polymer 
a r e  between those fo r  t h e  BTDA/HDA/2 ,4-DAT and BTDA/BAC/2 ,4-DAT polymers. The 
50 percent f low temperature by TMA f low t e s t  i s  100°C above t h e  Tg. T h i s  
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agrees w i t h  t h e  values i n  F igu re  16 f o r  t h i s  f a m i l y  o f  polymers. Barco l  
hardness i s  between those determined f o r  t h e  BTDA/HDA/2,4-DAT and 
BTDA/BAC/2,4-DAT polymers and l i s t e d  i n  Table 16. The se lec ted  polymer, 
u n l i k e  those from nrPDA,  i s  so lub le  i n  ch lo ro fo rm and methylene c h l o r i d e  and 
shows no r e s i s t a n c e  t o  p a i n t  s t r i p p e r s ,  b u t  good r e s i s t a n c e  t o  h y d r a u l i c  and 
d e i c i n g  f l u i d s .  
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Table 19. P r o p e r t i e s  o f  t he  BTDA/HDA/BAC/2,4-DAT po ly imide  
a5000 ps i ,  14 days 
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1. I nherent  v i  scos i  t y  
2. Tg  
DSC (onse t )  
DSC ( i n f l e c t i o n )  




RT ( a f t e r  above t e s t s )  
4. S p e c i f i c  g r a v i t y  
5. TMA f l o w  t e s t  
50% f l o w  temperature 
a t  0.20 MPa (28 p s i )  
6. So lven t  r e s i s t a n c e  
Pa i  n t  s t r i p p e r s  
-- Ac id  -- Nonacid 
D e i c i n g  f l u i d  ( s t ressed Ia  
Skydro l  500B ( s t r e s s e d l a  
7. Wet p r o p e r t i e s  (24-hr water b o i l )  
Dry FTUCL 
Wet FTUCL 
Weight ga in  






240°C ( m e l t )  
Tg 









80% d isso lved  i n  16 h r  
60% d isso lved  i n  16 h r  
Pass 
Pass 
231°C i n t e r c e p t  
220°C d e v i a t i o n  f rom 
1 i n e a r i  t y  
220°C i n t e r c e p t  
161°C d e v i a t i o n  f rom 
1 i n e a r i  t y  
2.5% 
Tab le  20. Mechanical p r o p e r t i e s  of BTDA/HDA/BAC/2,4-DAT polymera 
c 
Compression P roper t i es  (ASTM D 695) 
S t ress  a t  P r o p o r t i o n a l  S t ress  a t  Y ie ld ,  Modulus, GPa S t r a i n  a t  Y i e l d  
I 
L i m i t ,  MPa ( p s i )  MPa ( p s i )  ( p s i  x 105) (%)  
RT 93 O C  RT 93°C RT 93°C RT 93°C 
98.6 75.2 2 14 157 3.82 3.16 9.50 8.57 
(14300) (10900) (31000) (22700) (5.54) (4.58) 
I 
Tension P r o p e r t i e s  (ASTM D 638) 
S t ress  a t  P r o p o r t i o n a l  




c I I I 
St ress  a t  F a i l u r e  Modulus, GPa S t r a i n  a t  
MPa ( p s i )  ( P s i  1 F a i l u r e  (%) 
RT 93OC RT 93OC RT 93OC 
128 93.7 3.14 2.72 6.68 5.00 
(18600) ( 13600) (4.56) ( 3.95) 
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SECTION 4 
CONCLUSIONS AND RECOMMEND AT I ON S 
4.1 R E S I N  SYNTHESI 
There are  d i f f e r e n c e s  i n  t h e  BTDA from two sources p e r t a i n i n g  t o  
r e a c t i o n  c o n d i t i o n s  i n  c reso l  requ i red  t o  achieve high-molecular- 
we igh t  polymers. 
Cresol  condensat ion o f  one source o f  BTDA w i t h  diamines prov ides a 
d i r e c t  r e l a t i o n s h i p  between monomer concent ra t ion  and I V  a t t a i n e d  
(second order  r e a c t i o n ) .  High IVs  were a t ta ined,  however, a t  low- 
monomer concent ra t ions  ( 5  percent)  on p r i o r  phases o f  t h i s  program 
f rom another source o f  BTDA. 
Since the  syn thes is  was r e a d i l y  sca led up t o  15 kg o f  s o l u t i o n  
( 3  kg polymer), it i s  concluded t h a t  r e l a t i v e l y  l a r g e  batches o f  
t he  polymer can be prepared w i t h o u t  d i f f i c u l t y  
Ex tens ive  p u r i f i c a t i o n  o f  the  raw m a t e r i a l s  i s  not  requ i red .  The 
BTDA was d r i e d  j u s t  p r i o r  t o  use and the  BAC was d i s t i l l e d .  The 
remainder o f  the  i n g r e d i e n t s  were used i n  the  as-received 
cond i t i on .  A l l  a re  commercial ly ava i l ab le .  
4.2 RESIN PROPERTIES 
Reducing t h e  l i n e a r  a l i p h a t i c  content  o f  t he  program po ly imide  
composi t ions increases the  Tg as w e l l  as the  Barcol  hardness. 
Compression modulus and the  s t r e s s  a t  t h e  p r o p o r t i o n a l  l i m i t  a re  
a l s o  inc reased w i t h  reduced l i n e a r  a l i p h a t i c  contents. 
The s t ressed  s o l v e n t  res i s tance  o f  t he  BTDA/m-PDA/BDA, HDA, and BAC 
polymers i s  e x c e l l e n t  i n  d e i c i n g  f l u i d  and h y d r a u l i c  f l u i d s .  
p a i n t  s t r i p p e r  composit ions used on commercial a i r c r a f t ,  t h e i r  
s t ressed  s o l  ven t  r e s i s t a n c e  i s  unacceptable even though t h e i r  
r e s i s t a n c e  t o  ch lo ro fo rm i s  exce l l en t .  The a c t i o n  o f  t h e  phenol o r  
o t h e r  o rgan ic  a c i d  p resent  i n  p a i n t  s t r i p p e r s  i n  combination w i t h  
t h e  halogenated so l ven t  a t t a c k s  po ly imides  as w e l l  as a l l  o t h e r  
thermosets and the rmop las t i cs  tested. 
s t r i p p e r s  i s  r e q u i r e d  be fore  t h e i r  use on composites w i l l  be 
acceptable.  
The s t ressed  s o l  ven t  res i s tance  o f  t he  BTDA/HDA/BAC/2,4-DAT polymer 
i s  e x c e l l e n t  i n  d e i c i n g  and h y d r a u l i c  f l u i d s .  
compos i t ion  i s  so lub le  i n  chloroform, methylene ch lo r i de ,  and two 
p a i n t  s t r i p p e r s .  Chloroform s o l u b i l i t y  i s  no doubt due t o  use o f  
t h e  2,4-DAT i n  p lace  of t h e  mPDA i n  the  composit ion. 
I n  two 
Reformula t ion  o f  p a i n t  
T h i s  polymer 
BTDA/m-PDA/BDA, HDA, and BAC polymers showed good f r a c t u r e  
toughness and mois tu re  r e s i s t a n c e  r e l e v a n t  t o  t h e  in tended 
a p p l i c a t i o n  i n  composites. 
4.3 MOLECULAR WEIGHT/MELT FLOW PROPERTIES 
High-molecular-weight BTDA/m-PDA/BDA, HDA, and BAC po ly imides  and 
BTDA/2,4-DAT/HDA and BAC po ly imides  r e a d i l y  p rov ide  t h i c k  moldings a t  
6.9 MPa and temperatures l e s s  than 100°C above t h e i r  r e s p e c t i v e  Tgs. 
T h i n  moldings (0.20 g/cm2) a re  n o t  success fu l l y  prepared by the  
c o n d i t i o n s  c i t e d  above from high-molecular-weight BTDA/m-PDA/BDA, 
HDA, and BAC po ly imides  o r  t he  BTDA/2,4-DAT/HDA and BAC poly imides. 
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Low-pressure t h i n  moldings are prepared from the  c i t e d  polymers 
w i t h  reduced molecular  weights ( I V s  o f  l e s s  than -0.6 d l / g ) .  
Molecular -weight  reduc t i on  by e i t h e r  s t o i c h i o m e t r i c  imbalance o r  
end capping does no t  p rov ide  the  expected improvement i n  m e l t  f low 
p r o p e r t i e s  when the  aromat ic  amine i s  nrPDA.  
c r y s t a l l i z a t i o n  o f  in te rmed ia tes  upon evaporat ion o f  the  so lvent  
f rom t h e  polymer. I s o l a t i o n  o f  the polymers f rom c l e a r  c reso l  
s o l u t i o n s  w i t h  methanol g ives  polymers which g i ve  the  expected m e l t  
f l o w  p r o p e r t i e s  a f t e r  molding a t  303°C f o r  30 min. 
When t h e  aromat ic  diamine used i n  the  po ly imides  i s  2,4-DAT o r  
2,6-DATS in te rmed ia te  c r y s t a l l i z a t i o n  does n o t  occur and t h e  
expected improvements i n  m e l t  f low p r o p e r t i e s  a re  obta ined upon 
s o l v e n t  evaporat ion,  
M e l t  v i s c o s i t i e s  o f  neat polymers which have the  same s o l u t i o n  
v i s c o s i t i e s  w i l l  be very c lose  i f  no t  t he  same. Reproducib le  
s o l u t i o n  v i s c o s i t i e s  are achieved by the  b lend ing  o f  two polymer 
s o l u t i o n s  which, by end capping, have v i s c o s i t i e s  above and below a 
t a r g e t  v i s c o s i t y  value. T h i s  i s  probably  on l y  achievable w i t h  
complete ly  im id i zed  polymers. The prognosis t o  achieve t h i s  h igh  
degree o f  me1 t v i  scos i  t y  reproduc i  b i  1 i t y  from PMR approaches i s  
poor. T h i s  l a t t e r  approach was s tud ied  i n  d e t a i l  i n  Phase 111 
e f f o r t s  o f  t h i s  program. 
T h i s  i s  due t o  
4.4 PREPREGS 
Carbon f a b r i c  prepregs were r e a d i l y  prepared from 20 percent  s o l i d s  
varn ishes w i t h  good f i b e r  bundle impregnat ion 
Smoothed prepregs were n o t  r e q u i r e d  t o  prepare zero v o i d  composites 
due t o  the  good m e l t  f l ow  p r o p e r t i e s  o f  the  r e s i n s  
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4.5 COMPOSITE PROPERTIES 
0 The 7-ply Ce l ion  carbon f a b r i c  composites prepared from t h e  
BTDA/HDA/Z ,4-DAT and BTDA/HDA/BAC/2,4-DAT po ly imi  des had excel l e n t  
f l e x u r a l  and good shear p r o p e r t i e s  a t  room temperature and 93OC. 
(The epoxy s i z e  on t h e  carbon f a b r i c  had been removed w i t h  
methylene c h l o r i d e ) .  
The 7-ply Ce l ion  carbon f a b r i c  composite prepared from t h e  
BTDA/BAC/2,4-DAT had poor f l e x u r a l  and shear p r o p e r t i e s  due t o  
m ic roc rack ing  o f  t h e  r e s i n  mat r ix .  
prepreg d r y i n g  and molding temperatures used i n  i t s  p repara t i on  
than t h e  two poly imides mentioned above. 
and composite i n  a i r  may a l so  have played a r o l e  i n  t h e  
microcracking. 
The composites prepared on t h i s  Phase I V  e f f o r t  were r e a d i l y  
prepared vo id  f ree  w i t h  r a p i d  hea t ing  and c o o l i n g  cyc les  a t  
pressures o f  l e s s  than 6.9 MPa. This i s  i n  d i s t i n c t  c o n t r a s t  t o  
Phase I 1 1  composite e f f o r t s  w i t h  polymers i n  which no c o n t r o l  was 
exce rc i  sed over t h e  molecular wei gh t  o f  t he  polymers. 
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This may be due t o  t h e  h ighe r  
Processing t h e  prepreg 
0 
4.6 PROGRAM OBJECTIVES 
With t h e  l i m i t e d  t e s t i n g  conducted on the  BTDA/2,4-DAT/aliphatic amine 
po ly imides  t o  date, i t  i s  concluded t h a t  t h i s  c lass  o f  polymers ho lds  
e x c e l l e n t  p o t e n t i a l  t o  meet a l l  of t h e  program o b j e c t i v e s  d e t a i l e d  i n  
Sec t ion  2, w i t h  the  except ion of stressed res i s tance  t o  c h l o r i n a t e d  so l ven ts  
and p a i n t  s t r i p p e r s .  The i n i t i a l  composite p roper t i es ,  i n  p a r t i c u l a r ,  are 




Procedure f o r  Study of Reaction and Stoichiometry Conditions t o  Produce 
Polyimides i n  Cresol 
S i l i cone  o i l  i n  a l a rge  c r y s t a l l i z i n g  d ish  was heated t o  180°C on a 
F i f t een  grams hotp la te  equipped w i t h  magnetic stirring capab i l i t y .  
(0.04655 mole) of BTDA was weighed i n t o  a 250 m l  erlenmeyer f l a s k  on an 
a n a l y t i c a l  balance. A preweighed Teflon-coated magnetic s t i r r i n g  bar and 
150 ml  of c reso l  were added t o  the f l a s k  which was placed i n  the ho t  o i l  bath 
t o  d i s so lve  the BTDA. 
and 2.7059 (0.02328 mole) HDA was q u a n t i t a t i v e l y  washed i n t o  the f l a sk  w i t h  
small port ions of cresol. 
temperature. 
i n  the 180°C o i l  bath. 
(0.02328 mole) m-PDA d i sso lved  i n  59 cresol was q u a n t i t a t i v e l y  t r a n s f e r r e d  
i n t o  the flask. 
i n  the hot o i l  bath,  cooled t o  room temperature, and the weight of so lu t ion  
determined t o  be 159.29. 
contained 11.75 percent  polymer. 
The  f l a s k  was cooled i n  an ice bath t o  room temperature 
The reaction was allowed t o  s t i r  f o r  45 m i n  a t  room 
T h i s  was followed by a 1 hr and 15 m i n  t reatment  under ni t rogen 
Af ter  cool ing t o  room temperature,  2.416g 
The reaction was s t i r r e d  under ni t rogen f o r  1 hr and 20 m i n  
Based on ca l cu la t ed  polymer weight, the so lu t ion  
A small sample was removed from the reac t ion  and  d i l u t e d  t o  0.5 percent 
by weight polymer i n  cresol. 
determined a t  25°C. 
by evaporat ing a weighed port ion of the so lu t ion  t o  dryness i n  an 
The relative v i scos i ty  of the sample was 
The s o l i d s  content of the v i scos i ty  sample was determined 
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a i r - c i r c u l a t i n g  oven f o r  30 min each a t  150' and 225OC. The c reso l  weight-  
l oss  from t h e  sample was converted t o  m i l l i l i t e r s  f o r  c a l c u l a t i o n  of the  
inherent  v i s c o s i t y  o f  t h e  sample. It was 0.46 a t  0.5 d l / g  a t  25OC. 
A l i q u o t s  o f  t h e  r e a c t i o n  were taken and reacted a t  180°C w i t h  diamines 
and/or c reso l  added t o  g i ve  se lec ted  adjustments t o  t h e  s to i ch iomet ry  o r  
s o l i d s  content. 
i nhe ren t  v i s c o s i t y  de te rm ina t ion  as descr ibed above. 
i n d i c a t e s  t h e  r e a c t i o n  c o n d i t i o n s  and s t o i c h i o m e t r i e s  studied. 
Samples were removed from t h e  completed po lymer iza t ions  fo r  
F igu re  3 o f  t h i s  repo r t  
A second r e a c t i o n  was conducted along t h e  l i n e s  descr ibed above, 
however, i t  was a t  a h ighe r  s o l i d s  content and t h e  m-PDA was not reacted p r i o r  
t o  t a k i n g  a l i q u o t s  f o r  f u r t h e r  reac t ions .  Thus, 29.33289 of BTDA 
(0.09103 mole) was d i sso l ved  i n  9Og o f  c reso l  w i t h  heat. 
s o l u t i o n  was cooled t o  14°C and 5.31139 (0.04533 mole) o f  HDA i n  5g o f  c reso l  
was added w i t h  r a p i d  s t i r r i n g .  T rans fe r  from t h e  weighing con ta ine r  was 
completed w i t h  small  p o r t i o n s  of c reso l .  The r e a c t i o n  was heated i n  a 180°C 
o i l  ba th  f o r  2 h r  and 20 min. A f t e r  c o o l i n g  t o  room temperature, 4.43709 
(0.04103 moles) of m-PDA d i sso l ved  i n  89 o f  c reso l  was added. 
The BTDA-cresol 
The weight o f  
t h e  s o l u t i o n  was 127.49 which represents a s o l i d s  content of 23.53 percent 
The diamine/BTDA s to i ch iomet ry  was c a l c u l a t e d  t o  be 95.26 percent. As 
discussed above, a l i q u o t s  o f  t h i s  r e a c t i o n  m ix tu re  were d i l u t e d  w i t h  creso 
and/or t h e  s to i ch iomet ry  ad jus ted  w i t h  m-PDA or MDA f o r  f u r t h e r  reac t ion .  
F igu re  4 o f  t h i s  r e p o r t  shows t h e  s to ichomet r ies  and s o l i d s  contents o f  
r e a c t i o n  c o n d i t i o n s  studied. 
98.5 Percent S to i ch iomet r i c  BTDA/HDA/2,4-DAT Polymer 
A 2 1 f l a s k  equipped w i t h  s t i r r e r  and n i t r o g e n  i n l e t  was weighed and 
s e t  up w i t h  hea t ing  mantle and s t i r r i n g  motor. 
(0.2500 mole) HDA and 500 m l  of c reso l  was added. BTDA d r i e d  a t  175OC i n  a 
To t h e  f l a s k ,  29.05409 
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vacuum oven overn igh t  was weighed i n t o  a 400-ml beaker. The 155.79 
(0.4925 mole) o f  BTDA and 2.96429 (0.0200 mole) PA were added t o  the  s t i r r i n g  
c r e s o l  s o l u t i o n  o f  HDA a t  room temperature. Fresh cresol  (250 m l )  was used t o  
t r a n s f e r  t h e  anhydrides i n t o  t h e  f lask .  
(0.2500 mole) o f  2,4-DAT was added. The f lask  and contents were placed on a 
balance and t h e  t o t a l  s o l u t i o n  weight increased t o  1009.8g. A f t e r  24-hr 
r e a c t i o n  under a n i t rogen  b lanket  a t  temperatures between 190" and 200°C, the  
To the  s t i r r i n g  so lu t i on ,  30.54259 
f l a s k  was cooled, reweighed, and the  s o l u t i o n  weight brought up again t o  
1009.8g. The B r o o k f i e l d  v i s c o s i t y  o f  t h e  20 percent s o l i d s  s o l u t i o n  a t  25OC 
was determined t o  be 30.5 Pa*s. 
99.0 Percent S to i ch iomet r i c  BTDA/HDA/BAC/ZS4-DAT Polymer 
To a preweighed 22 1 f l a s k  equipped w i t h  s t i r r e r ,  248.949 (1.750 mole) 
BAC, 203.21g (1.750 mole) melted HDA and 7 1 c reso l  were added. To t h i s  
r a p i d l y  s t i r r i n g  s o l u t i o n  was added 2233.059 (6.930 mole) BTDA and 31.1059 
(0.210 mole) PA f rom two 4 1 beakers. The BTDA had been d r i e d  t h e  prev ious 
n i g h t  a t  175OC under h igh  vacuum. 
(3.500 mole) o f  2,4-DAT was added. The f lask w i t h  contents was placed on a 
sca le  and t h e  s o l u t i o n  weight increased t o  14,3919. A f t e r  24 h r  o f  reac t i on  
w i t h  s t i r r i n g  under a n i t r o g e n  b lanket  a t  temperatures between 1 8 5 O  and 1 9 5 O C ,  
t h e  f l a s k  was cooled, weighed, and t h e  s o l u t i o n  weight brought up t o  14,3919 a 
Af te r  30 min of s t i r r i n g ,  427.609 
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FAILURE TEMPERATURE UNDER COMPRESSION LOAD 
Acurex screens f o r  upper use temperature by p l a c i n g  a cube o f  r e s i n  i n  
t h e  TMA and de termin ing  t h e  temperature where the  expansion curve dev ia tes  
f rom l i n e a r i t y .  Wi th  a lOOg weight  on the  pene t ra t i on  probe, curves s i m i l a r  
t o  those i n d i c a t e d  i n  F igure  A-1  are obtained. Some r e s i n s  a f t e r  water b o i l  
show a change i n  s lope w i t h  water l o s s  above 100°C. Th is  s lope change g ives a 
d e v i a t i o n  f rom l i n e a r i t y  b u t  i s  no t  i n t e r p r e t e d  as f a i l u r e  temperature s ince  
r e s i n  s o f t e n i n g  may no t  occur u n t i l  a much h igher  temperature i s  reached. 
Acurex c a l l s  t h i s  t e s t  " f a i l u r e  temperature under compression load"  (FTUCL) . 
I n s p e c t i o n  o f  the  curves i n  F igu re  A-1  shows t h a t  d e v i a t i o n  f rom l i n e a r i t y  can 
preceed r e s i n  s o f t e n i n g  by severa l  hundred degrees i f  the  r e s i n  system has 
c r y s t a l l i n i t y .  
p rov ides  an i n t e r c e p t  temperature which i s  c lose r  t o  the  heat d i s t o r t i o n  
temperature descr ibed i n  ASTM D648. The th ree  curves shown i n  F igu re  A-2 show 
E x t r a p o l a t i o n  o f  the  expansion curve w i t h  the  so f ten ing  curve 
t h e  behavior  o f  the  c r y s t a l l i n e  po ly imides  from PMDA w i t h  c6, c8, and C12 
diamines. These th ree  polymers e x h i b i t  thermal c r y s t a l l i z a t i o n .  F igu re  A-3 
shows t h e  behavior o f  t h e  amorphous po ly imides  from BTDA w i t h  the  same t h r e e  
diamines. 
reached. Inc reas ing  diamine a l i p h a t i c  cha in  l eng th  i n  bo th  s e r i e s  o f  
po l y im ides  reduces the  upper use temperature, The h igh  FTUCL o f  t he  po ly imide  
f rom BTDA w i t h  isophoronediamine shows the  expected r e s u l t  f rom t h e  use o f  t he  
c y c l o a l i p h a t i c  compared t o  l i n e a r  diamines. 
Pene t ra t i on  occurs be fore  the  g lass t r a n s i t i o n  temperature i s  
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F igure  A-2. FTUCL curves f o r  PMDA w i t h  C6, C8, and C12 diamines 
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F igure  A-3. FTUCL curves f o r  BTDA w i t h  C6, C8, C12, and isophorone diamines 
91 
APPENDIX B 
TMA FLOW TEST METHOD DEVELOPMENT 
8.1 FIBEROUS POLYMERS 
P r i o r  t e s t i n g  on f i b e r o u s  polymers u t i l i z e d  a lOOg weight  on t h e  DuPont 
The TMA expansion probe i n  combinat ion w i t h  DSC cups t o  con ta in  the  po1ymer.l 
l a r g e  downward displacement o f  the  probe demonstrated f l ow  or a volume 
c o l l a p s e  o f  t he  f i be rous  polymer near the  Tg. 
BTDA/HDA/m-PDA polymer f i b e r s  w i t h  va ry ing  i nhe ren t  v i s c o s i t i e s  p rov ided the  
r e s u l t  seen i n  F igu re  B-1. C l e a r l y  the  probe displacement i s  assoc iated w i t h  
t h e  Tg o f  t h e  polymers; however, no i n fo rma t ion  on m e l t  p r o p e r t i e s  o f  t he  
polymers i s  ob ta ined s ince  the  f i b e r s  are no t  molten a t  200°C, the  temperature 
a t  t h e  end o f  t he  downward probe displacement. 
8.2 MOLDED POLYMERS 
Use o f  t h i s  procedure on the  
As discussed below, the  t e s t  descr ibed above g ives a good i n d i c a t i o n  o f  
t h e  m e l t  f l o w  c h a r a c t e r i s t i c s  o f  molded polymer specimens. 
ob ta ined on severa l  molded polymer samples a t  two pressures. Approximately 
0.086 MPa (12.5 p s i )  pressure was ob ta ined by p l a c i n g  a lOOg weight  on t h e  TMA 
expansion probe i n  combinat ion w i t h  the  DSC cup on the  sample t o  p r o t e c t  t he  
probe. 
t h e  probe w i t h  0.0025-cm ( 1  m i l )  t h i c k  aluminum f o i l  on t h e  sample t o  p r o t e c t  
t h e  probe. The area f o r  t he  0.90 MPa pressure was c a l c u l a t e d  from the  probe 
dimensions w i t h  no c o r r e c t i o n  f o r  t he  increased area caused by the  t h i n  
aluminum f o i l .  Use o f  small, t h i n - r e s i n  specimens, which were t y p i c a l l y  
Flow curves were 
A 0.90 MPa (130 p s i )  pressure was obta ined by p l a c i n g  a 4579 weight  on 
200 
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Note: Inherent  v i s c o s i t i e s  o f  samples 
Sample I = 0.30 d l / g  
Sample H = 0.37 d l / g  
Sample J = 0.62 d l / g  
Sample G = 1.59 d l / g  
F igure  B-1. Low-pressure f low curves o f  BTDA/HDA/m-PDA f i  berous polymers 
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0.3 mn t o  0.7 mn t h i c k ,  p laced on s t a i n l e s s  s t e e l  f o i l  prevented the  m e l t i n g  
polymer f rom contaminat ing  t h e  bottom o f  the  ho lder  and t h e  thermocouple. 
Flow curves f o r  a number o f  polymer composi t ions are prov ided i n  
F igures  8-2 th rough 8-5. Two curves are g iven i n  each f i gu re .  The top  curve 
was ob ta ined a t  t h e  0.086 MPa pressure and the  bottom curve a t  t he  0.90 MPa 
pressure. FLOW curves f o r  po l ysu l fone  (UDEL P1700) and po lye ther im ide  
(Ul tem P1000) a re  p rov ided i n  F igure  8-2 f o r  re fe rence t o  two i n j e c t i o n  
mol da b l  e po 1 ymers . 
F igu re  8-3 prov ides  f l ow  f o r  the  poly imides from BTDA w i t h  
1,6-hexanediamine (HDA) or w i t h  1,8-octanediamine (ODA). The BTDA/ODA polymer 
has a h igher  f l ow  onset temperature than the  BTDA/HDA polymer due t o  i t s  
c r y s t a l l i n i t y .  
17 joules/gram. I t  c r y s t a l l i z e d  du r ing  slow cooldown from i t s  molding 
temperature o f  303°C. 
T h i s  was a program f i r s t .  I t s  Tm i s  215°C w i t h  a AH o f  
F igures  B-4 and B-5 p rov ide  f l ow  curves f o r  t he  f i r s t  t h ree  program 
BTD A /BD A/m-P D A, BTD A /HD A /m- PD A, and BTD A /B AC /m-P D A. p o 1 yme r s : 
f o r  a l l  o f  t h e  polymers presented i n  F igures B-2 through B-5 show a t  l e a s t  two 
fea tu res  i n  common. 
t h e  polymer. 
a p p l i e d  pressure. 
t h e  onset temperature o f  t he  low-pressure f l ow  curves. 
we igh t  a l i p h a t i c - a r o m a t i c  poly imides, these temperatures are  c lose  t o  t h e  
polymer decomposi t ion temperatures. 
F 1 ow cu r ve s 
A s l i g h t  volume decrease i s  seen near the  Tg ( o r  Tm) o f  
The magnitude o f  t h i s  volume decrease i s  d i r e c t l y  r e l a t e d  t o  the  
Polymer me l t  temperatures (PMT) are  probably  very c lose  t o  
Wi th high-molecular-  
Both o f  t he  i n j e c t i o n  moldable r e s i n s  (Udel P1700 and Ultem 1000) g i ve  
f l o w  curves a t  low pressure which are p a r a l l e l  t o  t h e  h igher  pressure curves. 
T h i s  i s  i n  d i s t i n c t  c o n t r a s t  t o  the  behavior o f  a l i pha t i c -a romat i c  po ly imides 
a t  t he  two pressures.  
b u t  f l o w  i s  induced by h igh  pressure, 
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Temperature I'Cl 
(b) Polyetherimide 
Note: Top curves a re  a t  0.086 MPa pressure, 
bottom curves a r e  a t  0.90 MPa pressure. 
























I - # - . - I . I - r - I . g -  D 50 100 is0 200 2so SO0 350 400 4 




Note: Top curves a r e  a t  0.086 MPa pressure, 
bottom curves are  a t  0.90 MPa pressure. 
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Note: Top curves a r e  a t  0.086 MPa pressure, 
bottom curves a r e  a t  0.90 MPa pressure. 
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BTDA/BAC/m-PDA polymer 
Note: Top curve i s  a t  0.086 MPa pressure, 
bottom curve i s  a t  0.90 MPa pressure. 
F igure  B-5. Flow curves o f  BTDA/BAC/m-PDA polymer 
contrast  t o  t h e  behavior o f  a1 iphat ic -aromat ic  polyimides a t  t h e  two 
pressures. 
i s  induced by high pressure. 
E s s e n t i a l l y  no useful  f low i s  observed a t  low pressure, but f low 
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APPENDIX C 
END CAPPING OF BTDA/BAC/m-PDA POLYMER WITH PHTHALIC ANHYDRIDE 
The e f f o r t s  descr ibed below were a l l  w i t h  BTDA/BAC/m-PDA and p h t h a l i c  
anhydr ide  (PA) a t  a BTDA s to i ch iomet ry  o f  97.5 percent. Opac i ty  i s  developed 
i n  r e a c t i o n s  c o n t a i n i n g  l e s s  than 99.0 percent s to i ch iomet ry  (BTDA = 1.000 
mole, amines = 0.990 mole o r  BTDA = 0.990 mole, amines = 1.000 mole, PA = 
0.020 mole) and t h e  q u a n t i t y  o f  opac i t y  developed i s  d i r e c t l y  r e l a t e d  t o  t h e  
s to i ch iomet ry .  React ions a t  95 percent s to i ch iomet ry  have more o p a c i t y  than 
r e a c t i o n s  w i t h  96 percent  s to ich iomet ry ,  etc.  
C . l  REACTION CONDITIONS AND OPACITY 
These i n v e s t i g a t i o n s  addressed t h e  issue o f  r e a c t i o n  c o n d i t i o n s  and 
opac i t y .  S p e c i f i c a l l y ,  do r e a c t i o n  cond i t i ons  e x i s t  which w i l l  l ead  t o  c l e a r  
polymers a t  97.5 percent BTDA s to i ch iomet ry?  Opac i ty  i s  developed i n  t h e  
r e a c t i o n  ( i f  it develops) w i t h  i n c r e a s i n g  r e a c t i o n  t imes a t  180°C a f t e r  t h e  
m-PDA a d d i t i o n  and by evapora t ion  o f  t he  so l ven t  from c l e a r  c reso l  s o l u t i o n s  
a t  180OC. 
w i t h  100 percent  BTDA o r  amine s t o i c h i o m e t r i e s  and prepreg staging. A t  t h a t  
t ime, p r e r e a c t i o n  o f  t he  a l i p h a t i c  amine w i t h  t h e  BTDA a t  180°C p r i o r  t o  t h e  
m-PDA a d d i t i o n  and a d d i t i o n  o f  a small  q u a n t i t y  o f  butanol  were found t o  
e l i m i n a t e  t h e  opac i t y  developed i n  t h e  prepregs. 
The l a t t e r  phenomenon i s  no doubt t h e  same e f f e c t  noted l a s t  year2 
BTDA and PA were condensed w i t h  BAC f o r  2 hr  a t  180°C a f t e r  a d d i t i o n  o f  
a c r e s o l  s o l u t i o n  o f  the BAC i n  an ice-bath-cooled c l e a r  c reso l  s o l u t i o n  o f  
YAG< I @  , ~ ~ ~ i 3 ~ ~ ~ i  
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t h e  anhydrides. 
d i v i d e d  i n t o  po r t i ons .  
nominal 15 percent  w i t h  c reso l ,  N-methy lpyr ro l id inone (NMP) and butanol .  Each 
p o r t i o n  was condensed a t  180°C and samples withdrawn w i t h  i nc reas ing  r e a c t i o n  
t ime. A l l  o f  t h e  r e a c t i o n s  were heated f o r  16 h r  a t  180°C. 
A c r e s o l  s o l u t i o n  o f  t h e  m P D A  was added t o ' t h e  r e a c t i o n  and 
The s o l i d s  conten t  o f  each p o r t i o n  was ad jus ted  t o  a 
Opac i ty  developed i n  t h e  r e a c t i o n  t o  which NMP had been added w i t h i n  
30 min i n  the  180°C o i l  bath. 
c o n t r o l  c o n t a i n i n g  o n l y  c reso l .  
developed i n  t h e  r e a c t i o n  c o n t a i n i n g  butanol .  Removal o f  t he  c reso l  f rom t h e  
samples a t  180°C i n  an a i r - c i r c u l a t i n g  oven lead  t o  increased o p a c i t y  over 
t h a t  v i s i b l e  i n  the  r e a c t i o n  i n  the  NMP and c o n t r o l  samples b u t  very l i t t l e  i n  
t h e  bu tano l  samples. I n c r e a s i n g  r e a c t i o n  t imes reduced the  opac i t y  i n  a l l  o f  
t h e  samples a f t e r  c reso l  removal. 
Only a t r a c e  of opac i t y  developed i n  t h e  
S l i g h t l y  more than a t r a c e  o f  opac i t y  
DSC a n a l y s i s  was conducted on numerous samples and F igu res  C-1  and C-2 
show f o u r  curves f o r  samples ob ta ined from va r ious  t reatments.  
a r e  g iven below and are  represented  i n  each f i g u r e  as t h e  t o p  t o  bottom 
curves, r e s p e c t i v e l y  . 
Top curve: 
Second curve: 
T h i r d  curve: 
1 h r  i n  329°C oven 
Four th  curve: 
The t rea tments  
2-hr r e a c t i o n  p l u s  2 h r  i n  180°C oven 
16-hr r e a c t i o n  p l u s  2 h r  i n  180°C oven 
16-hr r e a c t i o n  p l u s  2 hr  i n  180°C oven and 
I n s p e c t i o n  o f  t he  DSC curves from t h e  t h r e e  r e a c t i o n s  shows t h e  
rehea t  o f  DSC specimen which gave t h i r d  curve 
f o l l o w i n g  items: 
There i s  a high-temperature exotherm ev iden t  i n  t h e  NMP d i l u t e d  
r e a c t i o n  i n  bo th  o f  t he  2- and 16-hr samples. 
p e r s i s t s  th rough a 1 h r  a t  329°C d r y i n g  c o n d i t i o n  b u t  i s  
T h i s  exotherm 
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Samples from butanol  modified cresol reaction 
Figure C-2. DSC curves of BTDA/BAC/rn-PDA/PA polymers 
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e l i m i n a t e d  w i t h  425°C t reatment .  There i s  no evidence o f  an 
endotherm. T h i s  r e a c t i o n  had a l o t  o f  opaci ty .  
The 2-hr c reso l  sample showed an exotherm whereas the  16-hr 
sample d i d  not.  V i s u a l l y ,  t h i s  i s  cons i s ten t  w i t h  the  q u a n t i t y  o f  
opac i t y  i n  the  respec t i ve  samples. Treatment o f  the  16-hr 
samples f o r  1 hr  a t  329°C gave an endotherm a t  337°C. 
The butanol  d i l u t e d  samples showed no exotherm o r  increase i n  
opac i t y  upon c reso l  evaporat ion.  
endotherm a t  333°C. 
Basel ine i n s t a b i l i t y  a t  h igh  temperature seen i n  the  c reso l  and 
bu tano l  r e a c t i o n s  were a t t r i b u t e d  t o  cont inued l o s s  o f  v o l a t i l e s  
The c reso l  and butanol  samples have f i n a l  Tgs c lose  t o  227°C 
whereas the  NMP sample achieved a Tg o f  on l y  220°C 
None o f  t he  samples e x h i b i t  a d i s t i n c t  Tg u n t i l  they are heated t o  
very h igh  temperatures 
The 329°C t r e a t e d  sample gave an 
Flow curves f o r  t h e  329°C t r e a t e d  samples are prov ided i n  F igu re  C-3. 
A pressure o f  0.90 MPa was used. The curve from the  NMP r e a c t i o n  appears t o  
i n i t i a l l y  show b e t t e r  f l o w  c h a r a c t e r i s t i c s ,  however, t h i s  i s  l o s t  a t  h igher  
temperatures.  Both the  c reso l  and butanol  samples show a p la teau  above t h e  Tg 
w i t h  a sharp knee i n  t h e  me l t  curve a t  about 325°C. 
C.2 POLYMERS FROM CRESOL 
The absence o f  h igh-temperature exotherm i n  the  bu tano l -c reso l  samples 
d iscussed above prompted i n v e s t i g a t i o n  on the  i n f l u e n c e  methanol i s o l a t i o n  
m igh t  have on the  f l o w  p r o p e r t i e s  o f  such polymers. A 97.5 BTDA s to i ch iomet ry  
r e a c t i o n  w i t h  p h t h a l i c  anhydr ide end capper was c a r r i e d  o u t  f o r  16 h r  a t  180°C 
f o l l o w e d  by 3 h r  a t  232°C ( r e f l u x i n g  c r e s o l ) .  
75 percent  cresol ,  25 percent  to luene mix tu re  was 15 percent.  
The s o l i d s  conten t  i n  the  
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Figure C-3. Flow curves of cresol-evaporated samples of 
BTDA/BAC/m-PDA/PA polymer 
Evaporation o f  the cresol  from samples withdrawn from the near-clear r eac t ion  
gave some opacity.  The major i ty  of the polymer was i s o l a t e d  w i t h  methanol 
vacuum, a molding 
he 
t Y  
c-4 
treatment, and a f t e r  drying f o r  16 hr a t  200°C under h i g h  
was prepared which was v i s u a l l y  c l ea r .  Small port ions of 
molding were redissolved i n  cresol a t  180"C, the la t ter  w 
The DSC curves f o r  the samples ind ica t ed  below are 
( i n  the order  shown below): 
( 1 )  Fiberous polymer 
the powder and 
t h  some d i f f i c u  






( 2 )  
( 3 )  
Fiberous polymer molded 30 min  a t  303"C, 6.9 MPa 
Reaction evaporated t o  dryness and t r e a t e d  f o r  1 hr a t  329°C 
( 4 )  Fiberous polymer dissolved i n  c r e so l ,  treated the same as No. 3 
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Figure  C-4. DSC curves o f  BTDA/BAC/m-PDA/PA polymers from 
t h e  same f i n a l  reac t ion  mixture  
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C l e a r l y  ev iden t  i n  t h e  polymers from c reso l  evapora t ion  i s  an endotherm 
j u s t  below t o  350°C which was no t  p resent  i n  e i t h e r  t h e  neat f i b e r o u s  polymer 
o r  t he  molding. 
Flow curves f o r  Samples 2, 3, 4 ,  and 5 a re  p rov ided i n  F igu re  C-5. 
Curves were ob ta ined a t  0.2 MPa (28 p s i )  pressure. I t  i s  c l e a r  t h a t  t h e  
e x c e l l e n t  f l o w  p r o p e r t i e s  o f  t he  molded polymer (Sample 2)  were compromised by 
t h e  c reso l  t reatment.  T h i s  i s  probably due t o  c r y s t a l l i n i t y  o r  o the r  
phenomena which gave r i s e  t o  the  endotherms seen i n  the  DSC curves o f  
polymers i n  F igu re  C-4. Flow onset i n  the  c r e s o l - t r e a t e d  polymers i s  
50°C h igher  f o r  a l l  o f  t he  c reso l - t rea ted  polymers than the  m 
Samples o f  t he  329°C t r e a t e d  molded polymer, t he  r e a c t  
t h e  f i b r o u s  polymer r e d i s s o l v e d  i n  c reso l  were t r e a t e d  f o r  30 
subsequently f o r  10 min a t  400°C i n  an a i r  c i r c u l a t i n g  oven. 
l d e d  PO ymer. 
on mix tu re ,  and 
min a t  350°C and 
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F igu re  C-5. Flow curves o f  BTDA/BAC/m-PDA/PA polymers 





















f o r  t he  1 h r  a t  329°C t r e a t e d  samples through the  10 min a t  400°C t reatment  
f o r  t he  polymers were 3.1, 16.5, and 3.5 percent, respec t i ve l y .  The o r i g i n  o f  
t h e  v o l a t i l e  species i s  no t  c lear ,  b u t  may inc lude  absorbed atmospheric 
mois ture,  r e s i d u a l  unreacted monomers, c reso l ,  and methanol. The onset Tgs by 
DSC a f t e r  t he  350°C t rea tment  were 235"C, 229"C, and 225"C, respec t i ve l y .  
A f t e r  400°C treatment,  t he  values were 235"C, 239"C, and 225"C, respec t i ve l y .  
The v a r i a t i o n  i n  f i n a l  Tgs i s  no t  understood, p a r t i c u l a r l y  between t h e  molded 
polymer and t h e  f i b e r o u s  polymer. 
Flow curves f o r  t h e  th ree  polymers heated a t  350" and 400°C are 
p rov ided  i n  F igures  C-6 and C-7. 
evapora t ion  show t h a t  t he  350°C t reatment  temperature i s  inadequate t o  improve 
t h e  f l o w  p r o p e r t i e s  over t h e  beginning 329°C t r e a t e d  samples. 
these two m a t e r i a l s  show an increase i n  the  endotherms w i t h  t reatment  a t  t h i s  
temperature. 
p r o p e r t i e s  and l o s s  o f  t he  endotherm by DSC ana lys is .  
decomposi t ion may have occurred w i t h  the  400°C treatment.  
o f  t h e  molded specimen were mod i f i ed  s l i g h t l y  w i t h  the  thermal t reatments as 
no ted  i n  the  t o p  diagram o f  F igu re  C-6. 
curve o f  the  molded polymer. 
C.3 SUMMARY OF FINDINGS 
Both o f  the polymers i s o l a t e d  by c reso l  
The DSC's o f  
Treatment o f  these two polymers a t  400°C shows improved f l ow  
Some amount o f  polymer 
The f low p r o p e r t i e s  
Inc luded i n  t h i s  diagram i s  the  f l ow  
Relevant  t o  program goals, the  f low curves o f  BTDA/m-PDA/BAC po ly imides  
ob ta ined by c reso l  evapora t ion  are  probably  unacceptable. The f l o w  curves 
suggest t h a t  a high-temperature t rea tment  schedule migh t  be devised t o  
e l i m i n a t e  t h e  endotherm, however, t he  program approach r e q u i r e d  t h a t  t h i s  can 
be accomplished on the  prepreg and n o t  t h e  neat  res in .  
I t  i s  c l e a r  t h a t  t he  opac i t y  developed i n  the  e a r l y  stages o f  t he  
r e a c t i o n  i s  r e l a t e d  t o  the  i nc reas ing  concent ra t ion  o f  an i n te rmed ia te  o r  
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F i g u r e  C-6. Flow curve  v a r i a t i o n  o f  BTDA/BAC/m-PDA/PA polymers 
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Sample from redissolved fiberous polymer by cresol evaporation 
Figure C-7. Flow curve variation of BTDA/BAC/m-PDA/PA 
polymers with heat treatment 
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precursor  polymer which i s  i n s o l u b l e  i n  t h e  c reso l .  
conduct po l ymer i za t i on  a t  20 percent s o l i d s  and evapora t ion  o f  c l e a r  c reso l  
s o l u t i o n s  t o  produce opaque samples suggest t h i s .  Reactions a t  100 percent 
s to i ch iomet ry  have a f a r  l e s s  tendency t o  produce opaque samples upon c reso l  
loss than  do r e a c t i o n s  a t  lower BTDA o r  amine s to i ch iomet r i es .  React ions a t  
97.5 percent  BTDA s to i ch iomet ry  appear t o  r e q u i r e  longer  r e a c t i o n  t imes than 
100 percent  s t o i c h i o m e t r i c  r e a c t i o n s  t o  produce samples which upon c reso l  
evapora t i on  do n o t  produce opac i t y  a t  t h e  same concen t ra t i on  o f  reac tan ts .  
Since t h e  r e a c t i o n  r a t e  i s  monomer-concentration dependent, t he  reason 
extended r e a c t i o n  t imes are  r e q u i r e d  f o r  t he  p h t h a l i c  anhydride end-capped 
polymers i s  n o t  c lea r .  
Both the  i n a b i l i t y  t o  
I s o l a t i o n s  o f  a few m i l l i g r a m s  o f  c reso l  i n s o l u a b l e  ( o p a c i t y )  m a t e r i a l  
f rom t h e  NMP-modified c r e s o l  r e a c t i o n  occurred by repeated o v e r n i g h t  s e t t l i n g  
o f  t h e  p a r t i c l e s ,  decanting, and a d d i t i o n  o f  f r e s h  c reso l .  
very  complex i n f r a r e d  spectrum (carbonyl  reg ion )  and no v i s i b l e  m e l t i n g  p o i n t  
t o  450°C. 
and a A H  o f  69 joules/gram. Reheat o f  t h e  sample, which showed about a 
10 percent  we igh t  l o s s  through the  f i r s t  heating, gave a curve which had an 
onset Tg o f  240°C and no high-temperature exotherm. 
t h a t  opac i t y  i s  a p recursor  t o  t h e  f i n a l  BTDA/BAC/m-PDA composition. The l a c k  
o f  an endotherm i n  t h e  DSC curve suggested t h a t  c reso l  i n s o l u b i l i t y  may n o t  be 
due t o  c r y s t a l l i n i t y .  
t h e  polymer, i s  a d i r e c t  r e s u l t  o f  heat ing  c reso l  s o l u t i o n s  o f  t h e  polymer f o r  
1 h r  a t  329°C o r  higher.  
The powder had a 
DSC a n a l y s i s  showed an exotherm w i t h  a peak temperature o f  398°C 
T h i s  experiment suggests 
The endotherm, which i n f l uences  the  f l o w  p r o p e r t i e s  o f  
Creso l  appears t o  be a s u i t a b l e  r e a c t i o n  medium; however, c reso l  a lone 
appears t o  be an u n s u i t a b l e  prepregging so lvent .  Fur ther ,  no cosolvents, such 








































endotherm which a l t e r s  t h e  f l o w  p roper t i es .  
very  e f f e c t i v e  i n  removing something from t h e  c reso l  r e a c t i o n  m ix tu re  which 
causes h igh  we igh t  losses upon hea t ing  f rom 325°C t o  400°C. 
l o s s  may be c reso l  , however, a f t e r  r e s o l v a t i o n  o f  t he  methanol- t reated polymer 
w i t h  cresol ,  i t s  we igh t  l o s s  i s  c o n s i s t e n t  w i t h  expec ta t i on  -- s p e c i f i c a l l y ,  
t h e  same as the  s t a r t i n g  polymer. 
Methanol t rea tment  appears t o  be 
Th is  h igh  we igh t  
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